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ABSTRACT
The compounds bis(acetylacetonato)chromium(lI) and bis(dipivaloyl- 
methanato)chromium(II) have been prepared, and the knowledge of their 
properties extended by magnetic measurements down to liquid nitrogen 
temperature, and by preparation of their pyridine adducts.
Investigations of complexes of chromium(ll) with Schiff bases 
derived from 2-hydroxyarylcarbonyl compounds and from acetylacetone 
have been.carried out.
Several 'attempts to prepare the unknown chromium(Il)-salicyl- 
aldimine complexes by various routes have failed, giving chromium(lll) 
compounds of uncertain composition. During investigations to explain 
this failure, synthesis of several complexes of chromium(ll) with 
2-hydroxyarylcarbonyl compounds was attempted. While bis(salicyl- 
aldehydato)chromium(ll) and bis(2-hydroxyacetophenonato)chromium(II) 
could not be isolated, CrMeOSal2 (MeOSalH = methyl salicylate) was 
obtained, though in an impure state. A study of the products from 
these experiments indicates that complexes with chromium(Il) are 
not formed when the ligand is easily reduced, and provides an explan­
ation of the failure to obtain chromium(ll)-salicylaldimine complexes.
In confirmation of this, preparations of chromium(ll) complexes of 
3~ketoamines and salicylketimines were all successful.
The new compounds Cr(N-R-acetylacetoneimine)2 (R = Me, Et, Pr, 
i-Pr, Bu, i-Bu, Ph), N /iV,-ethylenebis(acetylacetoneiminato)chromium(ll), 
and Cr(iV-propyl-2-hydroxyacetophenoneimine)2 have thus been isolated. 
X-ray studies and electronic spectroscopy indicate gross square planar 
geometry. The marked decrease in magnetic moment with decreasing 
temperature has been interpreted as due either to spin-isomerism or 
to strong antiferromagnetic interaction. Although the experimental 
evidence in favour of spin-isomerism is shown to be inconclusive, 
further, confirmatory, experiments are suggested.
The bis(pyridine) adducts of two of the complexes have been 
isolated and characterised. These new compounds contain chromium(ll) 
in the low spin configuration, providing further evidence in favour 
of the spin-isomerism explanation of the magnetic behaviour of the 
unadducted compounds.
The reaction of nitric oxide with some of the chromium(ll)- 
Schiff base complexes gave chromium(lll) products of indefinite 
composition, but three 15N-nitrosyls of cobalt(ll)-Schiff base 
complexes have been isolated. It has been shown that a very low 
field 15N nmr signal clearly indicates the presence of a bent 
MNO group.
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ABBREVIATIONS AND NOTES
Ligands
The 8-diketones and 2-hydroxyarylcarbonyl compounds have been 
abbreviated as follows:
AcacH Acetylacetone (pentan-2,4-dione)
DpmH Dipivaloylmethane (2,2,6,6-tetramethylheptan-3,5-dione)
BzacH Benzoylacetone (1-phenylbutan-l,3-dione)
SalH Salicylaldehyde
HapH 2-Hydroxyacetophenone
MeOSalH Methyl salicylate
The Schiff bases have been abbreviated in the form
[Abbrev. for carbonyl compound] [Abbrev. for amine]
Thus the Schiff base formed from salicylaldehyde and ethane-1,2- 
diamine has the abbreviation Salenl^.
The abbreviations used for the amines are:
meam Methylamine
etam Ethylamine
pram Propylamine
ipram Isopropylamine (2-aminopropane)
buam Butylamine
sbuam sec-Butylamine (2,2-dimethylethylamine)
tbuam tert-Butylamine (1,1-dimethylethylamine)
ibuam Isobutylamine (2-aminobutane)
pham Aniline
etOHam Ethanolamine (2-hydroxyethylamine)
en Ethylene diamine (ethane-1,2-diamine)
pn Propylene diamine (propane-1,2-diamine)
trimen Propane-1,3-diamine
phen o-Phenylene diamine (benzene-1,2-diamine)
Abbreviations for other ligands are as follows: [over]
1,10-phen 1,10-Phenanthroline
Bipy .2 ,2 '-Bipyridyl
py Pyridine
Me^cyclam 1,4,8 ,11-Tetramethyl-l,4,8 ,11-tetraazacyclotetra- 
decane
For all the ligands, the omission of the "H" from the abbreviation 
signifies the deprotonated form of the ligand.
Other Abbreviations
All other abbreviations are standard.
Magnetic Measurements
The convention used in this work for the expression of the 
Curie-Weiss constant 0 is that which assumes that the Curie-Weiss 
Law is expressed by the relation
XA = c/(T + 8)
Apparatus Diagrams
In the apparatus diagrams, a tap with a greased key is rep­
resented as in (a); one with a greaseless key, as in {b):
(a) (b)
All the cone/socket joints are standard taper size B14, unless 
otherwise indicated.
CHAPTER 1 
INTRODUCTION
A Review of the Literature on Chromium(II) Chemistry
1979 - 1982
The general chemistry of the +2 oxidation state of chromium 
is well documented (1) and several reviews have appeared over 
the last 20 years (2) describing its development in detail. In 
view of this extensive coverage, only the most recent work will 
be described here.
The last major reviews appeared in 1981, covering the work 
published in 1979 (3), and the period 1976-1979 (2i). The work 
published since then can be grouped into three categories:
(a) studies of reductions by aqueous Cr2+ solutions (concerned 
more with kinetics than with inorganic chemistry, and so not 
discussed here); (b) studies investigating the Cr-Cr quadruple 
bond in dimeric species; and (c) general synthetic complex 
chemistry of chromium(ll).
Dichromium(ll) complexes are of interest because of the 
great variation in the length of the Cr-Cr bond, from 1.828 A 
in Cr2(2-methoxy-5-methylphenyl)it to 2.541 A in 
Cr2(CF3C0 2 )it.2Et2 0. The distribution of bond lengths has been 
found to be bimodal (4), with the carboxylates falling in the 
upper range (2.28-2.54 A) and most of the other complexes 
falling in the lower range (1.83-1.98 A). For several years 
much effort has been devoted to explaining this bimodal dis­
tribution. Calculation has shown (4) that the curve of energy 
vs. Cr-Cr distance is very shallow, thus explaining the sensit­
ivity of the Cr-Cr bond length to changes in the natures of the 
bridging ligands and the axial ligands. However, no unambiguous 
relationships have yet been found: the work that has been 
published in this field over the last two years has been aimed 
at elucidating the details of such a relationship, and in 
particular the role of the axial ligands, by synthesis of com­
plexes which are sterically crowded at the axial positions.
Compound Cr-Cr Distance Ref.
C r 2(CH 3PO 2) i+ • Py 2 
Cr2(CH3C0 2) t^. (piperazine) 
Cr2(6-chloro-2-hydroxypyridine)^
2.369 A
2.295
1.955
4
4
5
[ Table continued over
Compound Cr-Cr Distance (A)  Ref.
Cr2(6 -methyl-2-hydroxypyridine)4 .CH2CI2 1.889 5
Cr2(4-Me2N-acetanilide)it .THF 2.006 6
Cr2(2,6-dimethylacetanilide)4 1.937 7
Cr2(2 ,6 -dimethylacetanilide)^ .CH2C12 1.949 8
Cr2 (2 ,6-dime thylacetanilide)i+ . THF 2.023 6
Cr2(2,6-dimethylacetanilide)^ . 2THF 2.221 6
Cr2( 2 ,6-dimethylacetanilide)it•py 2.354 6
Cr2(2-phenylbenzoate)tt. 2THF 2.316 9
[Cr2 ( 2-pheny lbenzoate ) t*] 2.348 9
The first chromium(ll) compound to show evidence of a Cr-Cr 
quadruple bond was chromium(ll) acetate monohydrate, and work has 
continued, to isolate analogous complexes which differ only in 
their axial ligands. One such is the ammine, tetrakis(acetato)- 
bis(ammine)dichromium(ll), which has been isolated (10) by passing 
ammonia gas through a suspension in ethanol of the hydrated 
acetate. Like the hydrate, it is very weakly paramagnetic, but the 
two are not isomorphous. Reaction with liquid ammonia caused 
disruption of the Cr-Cr bond, giving the tetra-ammine, 
Cr(NH3)if(CH3C0 2)2 : this has Pe££ close to the spin-only value for
chromium(ll) and obeys the Curie-Weiss Law (0 = 0°), and so is
clearly mononuclear.
Recently the isolation of the complex [Et^N] 2 [Cr(CH3C0 2 )if (NCS^l 
has been reported (11). This is unlike all the other binuclear 
chromiura(ll) carboxylate adducts in that it is the only example to 
have anionic, rather than neutral, axial ligands. Since the Cr-Cr 
bond length is thought to be dependent on the a-bonding strength of
the axial ligands (4), coordination of an axial anionic ligand
would be expected to lengthen the Cr-Cr bond. A comparison of its 
electronic spectrum with those of binuclear chromium(ll) carbox- 
ylates of known Cr-Cr bond length indicates that this is indeed 
so.
A mononuclear chromium(ll) carboxylate recently reported is 
the bis(lutidine) adduct of chromium(ll) trifluoroacetate (1 2).
X-ray crystallography showed the expected monomeric planar struc­
ture, but a statement that the compound is "the first example of
Cr(ll) with a square planar environment" is incorrect, since 
square planar structures have previously been reported for 
several other chromium(ll) compounds (e.g. the acetylacetonate 
(32).
A series of chromium(ll) complexes of hexamethyldisilaxane 
(Cr[N(SiMe3)2]2 *LL’, where L,L' = aliphatic or cyclic ethers, alkyl 
cyanides, aromatic tertiary amines, or a combination of the last 
two) has been isolated (13). The diethyl ether adduct was used to 
prepare a series of chromium(ll) alkoxides (14): alcoholysis of 
the hexamethyldisilazane complex gave the complexes Cr(0R)2 > 
Cr(OR)2 .R0H and Cr(0R)2 .2R0H. The exact formulation of the 
product depended on the nature of the group R: the lower straight- 
chain aliphatic alcohols gave unsolvated products, while bulkier 
or phenolic alcohols gave solvated products. The lower aliphatic 
alkoxides were thought to be polymeric because of their low 
solubilities in organic solvents: this structure has already been 
proven for chromium(ll) methoxide.
Several complexes of substituted pyrazoles and imidazoles 
have been isolated (15), generally of the type CrLitX2 (L = ligand,
X = Cl, Br, I). They all have V>e££ = 4.8 B.M., but fall into two 
classes: the compounds Cr(2-methylimidazole)ifX 2 are isomorphous 
with the nickel(ll) analogues, which are known to have a square 
pyramidal structure, so the correct formulation is 
[Cr(2-methy 1 imidazole)i+x]x; the 5-methylpyrazole complexes were 
assigned a tetragonally-distorted trans-octahedral structure, on 
the basis of spectral data.
Synthesis of some tris(pyrazolyl)amine complexes of chromium(ll) 
has also been reported (16). Their magnetic moments are temperature 
independent and close to the spin-only value for h.s. Cr(Il): their 
spectra indicate a 5-coordinate square pyramidal structure, similar 
to that described earlier (15).
Chromium is predominately a class A metal in its normal 
oxidation states, and forms stable complexes with N,0 donor ligands. 
Very few complexes of chromium(Il) with weak donor ligands have 
been reported, but a series of substituted-thiourea complexes of
chrotnium(ll) halides has recently been isolated (17), of the type 
CrX2 .n(L) (X = Cl, Br, I; L = thiourea, N,N’-ethylenethiourea,
N,N'-dicyclohexylthiourea; n = 2,4,5 or 6 depending on the compound). 
The bromide and iodide complexes have temperature-independent 
magnetic moments close to the spin-only value for h.s. chromium(ll). 
This and the spectral results indicate a monomeric structure. The 
chloride complexes are antiferromagnetic, suggesting a bridged 
structure.
Synthesis of a series of complexes of chromium(ll) with tetra- 
methylcyclam has been reported (18). These are of the type CrLX2 
(L = Me^cyclam; X = CljBrjIj^BPhi*): conductivity measurements 
indicate that the Cl complex is 6-coordinate in the solid state - 
a structure not seen before in the chemistry of these ligands. The 
other complexes are all either 5-coordinate or 4-coordinate, and 
all the complexes have temperature-independent magnetic moments 
that indicate a h.s. d1* configuration.
Other attempts to prepare a chromium(ll) complex of the Curtis 
ligand have led to the isolation of a series of new tetra-thio- 
cyanato complexes, M2Cr(NCS)if (M = NMe^ jNEti* jlSKnPr)^ ,N(nBu)i4.,Hhex, 
^H2en,Hpy,%H2L (hex = hexamethylenetetramine, L = Curtis ligand))
(19). Most of the complexes are antiferromagnetic, and are believed 
to have thiocyanato-bridged structures. The tetra-n-butylammonium 
salt was isolated in two forms: brown (magnetically normal) and 
blue (antiferromagnetic). It is thought that both forms have a 
bridged structure, but that the dimensions of the brown form are 
greater.
Further work has been published concerning the tetrahalo- 
chromates(ll) (first reported by Larkworthy and co-workers (2b,e,h)) 
describing the synthesis and properties of the tetrabromochromates(Il)
(20). These compounds were found to fall into two categories: 
those of formula M 2 [crBrt^H20)2] (M = Cs ,Rb,NHt| ,Hpy) , and the 
anhydrous complexes M2CrBrit, obtained either by thermal dehydration 
of the hydrates, or by synthesis under anhydrous conditions. The 
hydrates were found to be similar to the corresponding chlorides, 
with ]i close to 4.9 B.M. and essentially invariant with temperature.
In general they are isomorphous with the corresponding copper(II)
complexes, which are known to be trans-octahedral in structure. 
The anhydrous complexes were found to be of two types. The 
complexes l^CrBrij (M = Cs,NRH3(R = Me,Et,nPr,n-pentyl,n-octyl, 
n-dodecyl)) are ferromagnetic, with y greater than 4.9 B.M., and 
increasing markedly as the temperature decreases (21). The Cl 
analogues are known to contain sheets of bridged CrCli*2- units: 
it seems that the Br complexes are similar in structure. The 
other complexes, M 2CrBrtf (M = Rb jNH^ ,Hpy ,C(NH2) 3 ,NPhH3 jNEti*, 
NMe2H 2) are all antiferromagnetic, obeying the Curie-Weiss law 
(0 = large positive values). The spectra of both classes were 
found to show features characteristic of tetragonally-distorted 
6 -coordinate chromium(ll), which confirms their polymeric struc­
tures. Further work carried out on these complexes includes a 
study of their Curie temperatures (21) and growth of large 
crystals for X-ray and magneto-optical studies (22).
Aim of the Work
The chemistry of the divalent state of chromium has been 
extensively studied over the last twenty years, but very few 
authentic examples of its complexes with Schiff bases have 
been isolated, and very little work has been done on its com­
plexes with 8-diketones. Since the Schiff bases and the 8-di- 
ketones form two of the most extensive classes of metal complexes 
the lack of examples of their chromium(ll) complexes has been a 
serious gap in the knowledge of the chemistry of the divalent 
state of the first row transition metals.
The aim of this work, therefore, has been to synthesise and 
fully characterise a range of complexes of chromium(ll) with 
these ligands, to explore their chemistry, and to explain, if 
possible, the difficulties found in earlier attempts to prepare 
CrSalen (see Chapter 5).
Literature surveys of the general chemistry of transition 
metal complexes of the 8”diketones, 2-hydroxyarylcarbonyl 
compounds and Schiff bases are included later in the relevant 
chapters.
CHAPTER 2 
EXPERIMENTAL TECHNIQUES
2.1 Preparation of Air-Sensitive Compounds
All chromium(ll). compounds are readily oxidised by atmospheric 
oxygen, so careful precautions must be taken to prevent contact 
with air. In the current work, chromium(ll) compounds were exposed 
only to oil-pump vacuum or rigorously-purified nitrogen, using 
either the nitrogen line or the inert-atmosphere box (both 
described below). All reagents were deoxygenated or degassed 
before use (section 2.3), having been dried or purified as necessary.
2.1.1 The Nitrogen Line
The all-glass apparatus used in this work was first described 
by Larkworthy (23) and later, with modifications and improvements, 
by other workers (2). In view of this extensive coverage, only the 
essential features of the line will be described here, together 
with such modifications as have been found necessary in the course 
of this work.
The line, essentially as shown in Fig.2.1, is evacuated 
through A and filled with pure dry nitrogen through F. Reaction 
vessels can be attached at D and E, and, by flexible rubber tubing, 
at B and C. Solvents can be deoxygenated by saturation with 
nitrogen in the vessel H, and transferred by pressure difference 
to a vessel attached at D. The vessels J and K act as gas reser­
voirs when Schlenk techniques are being used; they can also be 
used as traps when drying compounds under vacuum.
The only differences between the line used in this work and 
earlier designs are in the replacement of the tap G by a grease- 
less tap (to allow transfer of the grease-stripping solvents used 
extensively in this work); replacement of the magnesium per­
chlorate in the drying column by Linde 4A molecular sieves; and 
equipping of the BTS catalyst column with heating tape to heat 
the catalyst to ca. 150°C ( at which temperature the catalyst 
shows much enhanced activity, and has a much higher oxygen capacity).
Greaseless taps were made use of extensively in this work: 
those supplied by J.Young (Scientific Glassware) Ltd. were found 
to be the most useful. Existing designs for e.g. the three-tapped
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vessel described elsewhere ( 2 ) were modified for this work 
simply by using greaseless taps in the design.
Since large amounts of dry solvents were needed in much of 
this work, solvents were dried and deoxygenated in bulk and stored 
in one-litre flasks under nitrogen until required. Delivery heads 
such as that shown in Fig.2.2 permit anaerobic transfer of the 
solvents to reaction vessels without the need for syringe techniques
A flask was designed for the storage of bulk volumes of very 
air-sensitive-reagents (in particular, butyl-lithium, which is 
spontaneously inflammable in air). The design (Fig.2.3) permits 
small volumes to be withdrawn with a syringe when the dispensing 
bulb D is sealed with a serum cap.
The method of use is to purge the side-arms by evacuating and 
filling with nitrogen (the dispensing bulb being, sealed with a 
stopper). The tap A is opened to run out the liquid into the bulb 
D, and the stopper is replaced with a serum cap against a stream of 
nitrogen. The required volume can then be withdrawn using a purged 
syringe.
Minor changes made in the product filtration and isolation
apparatus are described later (section 2 .2 ).
2.1.2 Syringe Techniques and Schlenk Techniques
The use of syringes in air-sensitive preparations is well
documented (24) and has important advantages over the nitrogen line
for transfer of liquids, particularly when small volumes are 
involved. Development of syringe techniques has been essential in 
this work, for the addition of butyl-lithium solutions to reaction 
mixtures, and in the anaerobic transfer of solvents.
In principle, any syringe can be used for manipulation of air- 
sensitive compounds, and, if used properly, need not be greased. 
However, butyl-lithium is sufficiently air-sensitive to warrant an 
air-tight syringe, and since the solvent (hexane) strips grease 
very rapidly, a syringe fitted with an O-ring sealed PTFE plunger 
was used (supplied by J.Young (Scientific Glassware) Ltd.).
Syringes with an easily movable plunger are purged using the
Fig.2. 2 Flask for storage of dried, 
deoxygenated solvents.
F ig .2.3 Storage flask fo r  
air-sensitive  
reagents.
system shown in Fig.2.4. The serum cap is pierced by the syringe 
needle, and with a slow flow of nitrogen out through the. bubbler, 
the outlet A is covered with the finger, forcing the plunger out 
to its full extent. The finger is then removed and the syringe 
emptied. Repetition five or six times is sufficient to effect­
ively purge the syringe of air. When the syringe has an O-ring 
sealed plunger or a greased plunger, it must be filled manually, 
checking that the rate of filling the syringe does not exceed 
the flow rate of the nitrogen. Once purged, the syringe is 
sealed by embedding the needle tip in a rubber bung (note that 
non-coring tips on the needles (Fig.2.5) are a necessity). The 
syringe is usually sealed full of nitrogen, since in the few 
seconds between taking the needle tip out of the rubber bung and 
piercing the serum cap on the vessel, the nitrogen can be expelled, 
preventing diffusion of oxygen into the needle. No effective way 
of sealing the syringe/needle joint was found: if, in filling the 
syringe with liquid, the plunger is with drawn too rapidly, air is 
drawn into the syringe through the join. Grease (applied to the 
outside of the joint and warmed to cause it to flow into place) 
was found to give the best seal, but even this was not entirely 
satisfactory. The most effective precaution was simply to exer­
cise care when withdrawing the plunger.
For anaerobic transfer of larger volumes of liquids, and 
when the volume did not need to be known accurately, the three- 
needle technique illustrated in Fig.2 .6 was used. The needle A 
(flushed with nitrogen before use) is introduced through the serum 
cap into the bulk storage vessel S, followed by the needle C, 
which is left open to the air. The nitrogen flow is then started 
and the free end B of the double-tipped needle* is inserted so that 
the tip is just below the serum cap. The open end of the needle C 
is then plugged so that the receiving vessel R is purged. To 
deliver the liquid, the open end of the needle C is unplugged and 
the needle B is pushed under the surface of the liquid in the bulk 
vessel. The flow of the liquid is started by sealing the open end 
of the needle C: if a finger-tip is used rather than a bung, fine 
control of the amount and rate of delivery of the liquid can be
* The double-tipped needle consists of two steel needles joined 
by a PTFE tube, and was supplied by Aldrich Chemical Co. Ltd.
Fig.2.4
Fig .2.
A
h
5 Cross-section of 
needle, showing 
non-coring t ip .
F ig .2.6 The three-needle 
technique.
achieved. If the approximate volume needs to be known, the 
liquid can be transferred into a graduated dropping-funnel 
(equipped with a pressure-equalising arm) attached to the reac­
tion vessel, rather than into the reaction vessel direct.
The use of serum caps in conjunction with syringe tech­
niques is obligatory, but as far as possible, these were not 
fitted to vessels which required purging by evacuation: the 
standard procedure was to evacuate and fill the vessel with the 
aperture sealed with a stopper or tap key, and after purging, 
to fit the serum cap against a brisk flow of nitrogen. Since 
they were required to undergo neither raised nor reduced 
pressures in the vessels, wiring down of the serum caps was 
found to be unnecessary. Once the serum caps had been used five 
or six times (and hence had been significantly weakened) they 
were discarded.
The Schlenk anaerobic technique was possibly the earliest 
true inert gas system. In essence it relies on initially 
purging vessels with inert gas, then adding reagents or fixing 
further pieces of apparatus against a brisk outflow of the gas 
to prevent back-diffusion of air. This was the technique used 
in this work in fitting serum caps and in the anaerobic trans­
fer of solvents described earlier. A suitable procedure, 
using the nitrogen line is to have the taps F,L, and M open 
(Fig.2.1) and a brisk stream of nitrogen out through the 
bubbler. When an aperture is opened in a vessel connected to 
the line, the hydrostatic pressure in the bubbler forces the 
nitrogen out of the freshly-opened aperture. Resealing causes the 
the nitrogen to leave the apparatus via the bubbler once 
more.
In general, though, the techniques were considered un­
wieldy and unsuitable for the highly air sensitive compounds 
prepared in this work: they have been amply described elsewhere 
(24).
In preparations that required syringe techniques, the 
apparatus shown in Fig.2.7 was used.
(a)
^ <
□
Fig. 2.7
Apparatus used for the non- 
aqueous chelation procedure
£ (b)
/
B<£=P
Fig .2.8 Crystal F iltra tio n  Assembly
The calculated amount of ligand is placed in the reaction vessel, 
and the vessel is evacuated and filled with nitrogen. The required 
amount of solvent is transferred from the bulk storage vessel des­
cribed earlier. The tube-breaking assembly in Fig.2.7(a) is 
attached at the upper socket, and, with the taps A and B closed, the 
assembly is again evacuated and filled with nitrogen. A serum cap 
is fitted in the barrel of the tap A (Fig.2.7(b)) using the method 
described above, and butyl-lithium in solution is added dropwise 
from a syringe through the serum cap to the cooled, stirred mixture. 
The barrel of the tap is replaced, against a brisk stream of nitrogen, 
and, after removal of the solvent, extraction of the product with a 
second; solvent (also added from a bulk storage vessel by the anaerobic 
technique), filtration and crystallisation, the product is isolated 
using the filter assembly shown in Fig.2.8 . The reaction flask and 
the receiver are attached to the top and bottom of the unit, respect­
ively, and the product collects on the sinter disc S. After drying 
under vacuum, the tap B is opened to the line, and, against a brisk 
stream of nitrogen, the upper flask is removed. The crystals are 
loosened with a long-stemmed spatula and a prepurged small "pig11 is 
attached. The tap A is closed, the whole unit evacuated through B, 
then, with B closed, the crystals are shaken into the tubes to be 
sealed with a flame.
2.1.3 The Glove Box
An inert-atmosphere box has many advantages over the glove 
bags described in earlier work (2 ), and in the later stages of this 
work a box was found to be an essential supplement to the line.
The model used here was a Faircrest Engineering Mk.4A, shown dia­
grammatic ally in Figs.2.9 and 2.10. The main feature of this system 
is the gas recirculation and purification train. Since plastics 
leak oxygen by diffusion, a system containing a static atmosphere 
soon accumulates a significant amount of oxygen. By contrast, a 
system such as the one described here, in which the atmosphere of 
the box is continuously being recirculated and repurified, can be 
used for several hours at a time, or even left running continuously, 
without the level of oxygen rising above about 1 ppm.
The purification train (Fig.2.9) is, in essence, identical 
to that used in the nitrogen line: a heated BTS catalyst column 
(C), a water-cooled heat exchanger (H), and a column of Linde 4A 
molecular sieves (M). The taps are arranged so that each 
section can be individually sealed off without disturbing the 
gas flow.
The box itself is as shown in Fig.2.10. Purified nitrogen 
from the recirculation and purification train enters the box at 
A and leaves at A': pressure is prevented from rising above 
ca. 2" w.g. by the three-way valve B on the outlet bubbler. If 
the pressure falls much below this value, the valve B seals off 
the bubbler and admits nitrogen direct from the bench supply; 
alternatively, there is an auxiliary nitrogen inlet valve on the 
purification train which is actuated by a foot-switch. The 
inlet ports P and P 1 are purged with nitrogen before use: the 
smaller port is used whenever possible, and has the advantage 
of a much shorter purge time than the larger port.
In any inert-atmosphere box, the gloves, being made of
rubber and hence more easily permeable by oxygen and water vapour, 
are the weakest point. Entry of oxygen via the gloves is minim­
ised by having an internal vacuum-tight removable cover to the 
glove ports. This allows purging of the gloves before use, by 
evacuating and then filling with nitrogen three times: by this 
means, admission of oxygen through the gloves is reduced to 10 ppm
or less. Admission of water vapour from sweaty hands is minimised
by wearing disposable surgical gloves, liberally dusted inside 
with talc, inside the heavy-rubber box gloves.
In this work, the box has been used in place of the glove bag 
for operations such as preparation of mulls for ir spectra because 
of its greater convenience and higher integrity. In addition, it 
has made the complicated and unwieldy syringe/paddle unit unneces­
sary in the isolation of solid compounds.
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2.2 Preparation of Starting Materials
2.2.1 Chromium(II) Halides
Chromium(ll) chloride and chroraium(ll) bromide were prepared 
by published methods (2i) : either by reduction of the correspond­
ing chromium(IIl) salt with zinc amalgam in acid solution, or by 
dissolution of pure chromium metal in the corresponding hydro- 
halic acid. The former method was used when the halide was 
required in solution (e.g. for the preparation of chromium(ll) 
acetate described below) and the latter was used when the solid 
product was required, as in the preparation of tetrahalo- 
chromates(ll) (section 6 .1 .2)
To obtain the solid product, the solution was reduced in 
volume until crystallisation had commenced, and deoxygenated 
acetone was added to complete the crystallisation. The product 
was filtered off using the apparatus described below and washed 
with acetone. The hydrated product was obtained by drying the 
solid under vacuum for 4-6 h; the anhydrous product was obtained 
by heating the hydrate under vacuum, raising the temperature 
by 20°C every 2 hours to a final temperature of 120°C (2h,82).
The product was sealed off in tapped tubes as described below.
2.2.2 Chromium(II) Acetate
Chromium(Il) acetate was prepared by the method of Ocone 
and Block (25), adapted for use on the nitrogen line.
Aqueous chromium(ll) chloride was added to a 3-fold molar
excess of sodium acetate dissolved in deoxygenated water. The
deep pink product formed immediately and the mixture was 
allowed to stand for 15 minutes with occasional shaking.
If the hydrated product was required, the product was 
filtered off using a sinter unit such as that shown in Fig.2.11a, 
washed with deoxygenated water, and dried under vacuum at room 
temperature for 4-6 h. The unit was then sealed off under 
atmospheric pressure of nitrogen and taken to the inert-atmos­
phere box where the product was loosened with a long-stemmed 
spatula, and shaken into preweighed sample tubes of the type
shown in Fig.2.11b. After filling, the tubes were sealed with 
preweighed tap units and the weight of the contents determined 
by difference.
If the anhydrous product was required, the slurry was 
filtered using the apparatus shown in Fig.2.12b : after washing 
the product with water, the taps A and B were closed, the 
reaction vessel and receiving vessel were removed, and the unit 
was connected to the line by the joints at A 1 and B*. The 
upturned delivery tube enabled the unit to be then immersed in 
an oil bath. Two hours drying under vacuum at 120°C was 
sufficient to give the anhydrous product. To isolate the 
product, the s'inter unit was taken to the inert-atmosphere box 
where it was opened and the product loosened with a long­
stemmed spatula. The unit was then resealed and removed from 
the box, attached to the line, and a prepurged pig attached to 
the side arm D against a brisk outflow of nitrogen. The 
product was shaken into the sample tubes and sealed off under 
vacuum. The sample tubes were of the design shown in Fig.12a : 
this modified design allowed up to 4g of a solid to be added to 
a reaction mix (cf. ca. lg using the standard type of tube (2i) )
Using this apparatus, up to 15g of the anhydrous acetate 
could be prepared in any one experiment, at a yield generally 
above 90% of theoretical.
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2.3 Purification and Deoxygenation of Solvents and Reagents
All solvents and reagents used in the experiments involv­
ing air-sensitive compounds were carefully deoxygenated before 
use. Solvents and reagents used in the non-aqueous chelation 
procedure described in Section 2.1.2 were in addition carefully 
purified and dried.
Large quantities of solvents or reagents (more than a few 
ml) were deoxygenated on the line by saturation with nitrogen. 
Small quantities were generally deoxygenated by the freeze- 
thaw method described by Shriver (24) : the liquid is cooled, 
under vacuum, until it is completely frozen, and is then allowed 
to warm up, still under vacuum. This process freezes the 
dissolved gases out of solution, and 5 or 6 cycles are suffic­
ient to almost completely degas the liquid (when bubbles no 
longer appear at the cooling stage).
Solvents which were required in quantity (THF, petroleum 
ether (80-100°), toluene, chloroform and DMF) were purified 
and dried by published methods (26), deoxygenated and distilled 
under nitrogen directly into one-litre storage flasks. These 
were then sealed, under nitrogen, with delivery heads as 
described earlier (Section 2.1.1). DMF had to be distilled under 
reduced pressure, so a bleed of dry nitrogen was used. The 
bulk storage flasks were kept in the dark when not in use.
Other solvents, such as ethanol, carbon tetrachloride, ethyl 
acetate, acetone and diethyl ether, were purified and dried as 
required, by published methods (26).
2.4 Other Techniques
2.4.1 Analysis for Total Chromium Content
Total chromium in a compound was determined by a method 
developed from that of Sandell (27). An accurately known weight 
of the compound was allowed to oxidise (if air-sensitive) and 
was heated strongly with concentrated sulphuric acid (ca. 2 ml) 
and concentrated nitric acid (ca. 1 ml). The dark green residual 
liquid was made alkaline with 25% w/v aqueous sodium hydroxide 
and cooled in ice-water. Hydrogen peroxide ("100 vol.", 5-10 ml) 
was added carefully, and after fizzing had subsided, the mix 
was heated on a steam bath until the solution was lemon-yellow 
and all traces of fizzing had ceased. The solution was 
accurately made up in a volumetric flask, such that the chromate 
concentration was approximately 2x10_lfM, ensuring that the final 
pH of the solution was in the range 10-12. The absorbance was 
measured at 370 nm.
A set of standard solutions of AR potassium dichromate was 
made up with pH in the range 10-12 as above, and found to obey 
the Beer-Lambert Law, with a value for the molar extinction 
coefficient e of 4807.2 lmol-1cra_1 at 370 nm.
On standard samples, this method was found to give values 
correct to within ±0.5%.
2.4.2 Analysis for Butyl-lithium in Hexane Solution
The method of Ronald, Lansinger and Winkle (28) was used to 
determine the exact strength of the butyl-lithium solutions 
supplied by the Aldrich Chemical Co., since excess butyl-lithium 
in reaction mixes can lead to undesirable side-reactions.
The butyl-lithium solution is added dropwise from a deoxy­
genated syringe to a known weight of 2 ,5-dimethoxybenzyl alcohol 
(DMBA) dissolved in dry, deoxygenated THF, under nitrogen. Com­
pletion of the reaction is marked by the appearance of a persis­
tant faint red colour.
CH3CH2CH2CH2Li = DMBA
2.4.3 Miscellaneous Techniques
Magnetic susceptibility data over the range +20°C to -196°C 
were collected using a variable-temperature Gouy balance supplied 
by Newport Instruments Ltd., as described in detail elsewhere (e. 
2i).
Single crystals for X-ray diffraction measurements were 
loaded into Lindemann capillaries using the apparatus described 
elsewhere (2i). Structures were determined by Dr.D.C.Povey.
Analyses for carbon, hydrogen and nitrogen were carried out 
by the University of Surrey Microanalytical Service.
Infra-red spectra were recorded using a Perkin-Elmer PE577, 
and reflectance electronic spectra using a Beckman Acta MIV. 
Routine proton nmr spectra were recorded using a Perkin-Elmer 
R24A, but spectra of microsamples were recorded by Mr .J.Bloxsidge 
using a Bruker WH90.
C H A P T E R  3
COMPLEXES OF  CHROMIUM(II) W I T H  SOME 3- DIKETONES
3.1 Introduction
3.1.1 General Chemistry of the Transition Metal 
Bis ($-diketonates)
The 3-diketones are the group of compounds of general 
formula I; they undergo keto-enol tautomerism to give a mixture 
of the diketo and ketoenol forms:
Complexes of 3-diketones have been reported for nearly all 
divalent metals of the first row transition metals, and the gen­
eral comparative chemistry of the complexes has been reported 
elsewhere in considerable detail (29,30,31).
In the complexes of the first row transition metals with 
3-diketones the chelate rings are essentially planar and 
symmetrical, and the two C — 0 bonds are equivalent, as are the 
two C— C bonds. The bond lengths are intermediate between 
single and double (32), so the chelate ring may be considered 
as a quasi-aromatic system (not fully aromatic, since the metal 
atom prevents complete delocalisation of the electrons). The 
chelate ring may be represented as in II.
Until fairly recently it was thought that the paramagnetism 
of nickel(ll) acetylacetonate indicated a tetrahedral structure 
(33), but detailed study of its structure showed that it is a 
linear trimer, with each nickel atom surrounded by a distorted 
octahedron of oxygen atoms (.3.3). This discovery prompted 
renewed study of the structures of the first row transition metal 
3-diketonates, and it is now clear that they all, with the
exception of the.copper complexes, tend to achieve 6-coordination 
by polymerisation, when the ligand is sterically suitable.
The degree of polymerisation, and the properties of the resulting 
polymer, vary with the metal. The steric effect of the ligand
can be seen in Table 3:1.
Table 3.1 Structures of some Nickel(II) $-Diketonates
Ligand Structure of Solid Ref
Name R R' Monomer Polymer
Acacll ch3 ch3 / 33
BzacH C6h 5 ch3 / 34
DbmH c 6H 5 c6h 5 / / 35
DpmH t-Bu t-Bu / 36
3-methylAcacH ch3 ch3 / 37
Of the extensively-studied first row transition metals, 
copper is the exception in that its 8-diketonates do not exist 
as oligomers in the solid state (30). in the bis(acetylacetonate), 
the chelate rings are slightly distorted out of the plane to 
bring the middle carbon atom closer to the copper atom of 
the neighbouring molecule (Fig.3.1). The Cu-C distances have
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Fig.3.1 Structure of CuAcac2 !
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been variously interpreted as showing weak interaction or not 
showing any interaction at all. That any interaction is, indeed, 
very weak, is shown by the essentially normal magnetic moments 
of these complexes (ca. 1.8-2.0 B.M.; cf. spin-only value of 
1.73 B.M. for square planar Cu(ll) ), and the fact that the
uv-visible diffuse reflectance spectrum is very similar to the 
uv-visible solution spectrum in non-donor solvents.
This weak attraction of the copper atoms for electron-rich 
regions of neighbouring molecules is paralleled by the reaction 
of the complexes with Lewis bases to give addition compounds: 
(indeed this Lewis acid behaviour is characteristic of all the 
first row transition metal B-diketonate complexes). Many 1:1 
base adducts have been synthesised including CuBzac2 .2py and 
and CuAcac2 .py; several 1:1 and 1:2 adducts with copper(II)
2-hydroxyarylcarbonyl complexes have also been made. All have 
essentially normal magnetic moments, and the uv-visible reflec­
tance spectra resemble those of solutions of the corresponding
3-diketonate complexes. Studies on the effects of ligand- and 
solvent variation on the spectra indicate a square-pyramidal 
structure for the 1:1 adducts, and this has been confirmed by 
X-ray crystallography of CuAcac2 .quinoline.
Incorporation of electron-withdrawing groups into the 
3"diketone lowers the stability of the copper(ll) complex to 
hydrolysis, but increases both its Lewis acidity and the 
stability of the Lewis base adducts: thus CuTfac2 and CuHfac2 
can form either 1:1 or 1:2 adducts, and these are more stable 
than the corresponding adducts of CuAcac2.
A solid-state esr study on the 1:1 and 1:2 adducts of 
CuHfac2 (38) has indicated that while the 1:2 adduct has the 
the expected octahedral structure with axially bound adduct 
molecules, the 1:1 adduct is unusual in that the adduct is 
not axially bound, but equatorial, giving a chiral structure 
(though the optical properties were not investigated). A 
similar study of the adducts of CuAcac2 showed that the adduct 
molecules are always axially bound.
3.1.2 Chromium(II) 3-Diketonates
Very little work indeed has been done on the complexes of 
chromium(ll) with 3“diketones, presumably due to their extreme 
air sensitivity (Larkworthy has stated that of all the 
Cr(ll) compounds, these are among the most difficult to prepare). 
The little work that has been done, however, indicates that the
complexes of chromium(II) are very similar to those of copper(ll) 
in that they do not polymerise to achieve maximum coordination, 
and in that they readily form adducts with Lewis bases. This 
similarity between chromium(ll) and copper(II) is, of course, 
expected from studies in classical coordination chemistry.
Isolation and study of a chromium(ll) 3-diketonate was first 
reported only 25 years ago (39) when Costa and Puxeddu reported 
the synthesis of chromium(ll) bis(acetylacetonate). The solubility 
of their product in ethanol was found to be low, and this was inter 
preted (31,32) as an indication of a polymeric structure similar 
to that reported for the manganese(ll), iron(ll), cobalt(ll) 
and nickel(ll) acetylacetonates, even though the reported magnetic 
moment of 4.99 B.M. is close to the spin-only value for a h.s. d1* 
ion. However, since no experimental details were offered, this 
value is open to question. A later X-ray crystallographic study 
showed (32) that chromium(ll) acetylacetonate is, in fact, iso- 
morphous with copper(ll) acetylacetonate: monomeric, but with a 
weak intermolecular attraction (Cr-C3U distance of 3.05 X).
Nast and Riickemann (41) prepared a series of Lewis base 
adducts of bis(benzoylacetonato)metal(ll) compounds, including 
one formulated as CrBzac2 .2py. The analysis data for this complex 
were not good, and the low magnetic moment found (1^ 93=3.20 B.M., 
P90=3 .2O B.M.) have led to suggestions that the product was con­
taminated with chromium(lll). Nast and Riickemann's own suggestion 
that the complex contained l.s. chromium(ll) (l.s. d4 ion has 
yg = 2.83 B.M.), is unlikely since all known chromium(Il) 
complexes of 0 -donors or pyridine are known to be h.s. 
Unfortunately, no further work has been done to clarify Nast and 
Riickemann1 s results .
The only other 3-diketonate of chromium(ll) which has been 
prepared is the dipivaloylmethanate (41). It was thought, from 
the steric bulk of the ligand, that it might be tetrahedral: thus 
it would be the first tetrahedral Cr(ll) complex to be prepared. 
However, X-ray crystallography has shown that it is isomorphous 
with CuDpm2 , which is known' to be planar, and its electronic 
spectrum does not resemble the spectra of complexes in which 
there is known to be tetragonal distortion. ' Its magnetic moment 
was found to be close to the spin-only value for h.s. chromium(ll)
3.2 Experimental
3.2.1 Preparation of Bis(acetylacetonato)chromium(II)
Chromium(ll) acetylacetonate (CrAcac2) was prepared by the 
method of Ocone and Block (25).
Carefully purified acetylacetone (26) (6.80 g, 68mmol) was 
degassed by the freeze-thaw method and added to a slurry of 
chromium(ll) acetate monohydrate (5.78 g, 34 mmol) in deoxygenated 
water (ca. 50 ml). The slurry which formed was allowed to stand 
for 30 minutes with occasional vigorous shaking: by the end of this 
time, the product had separated out as a dark sandy-brown micro­
crystalline solid.
CrAcac2 is reported to be stable indefinitely under nitrogen 
when rigorously dried before isolation, but if sealed off while 
traces of water are still present, it slowly changes colour to dark 
brown. Drying under vacuum at 120°C for 6 hours is sufficient to 
dry the product completely (25).
Accordingly, the product was filtered off using either the 
apparatus shown in Fig.3.2 (when the product was to be used in the 
reduction of CICrSalen (section 5.2)), or that shown in Fig.2.12b 
(when the product was to be sealed off for storage). After washing 
with carefully deoxygenated water (ca. 40 ml), the apparatus was
surrounded by an oil-bath and the product was dried under vacuum at
120°C for at least 6 hours.
The dry product was a light sandy-brown crystalline solid, 
oxidising extremely rapidly (often with charring and smoking) on 
exposure to the air.
Analysis: Calc, for CigHmCrO^: C,48.0; H,5.6; Cr,20.8 %
Found: C,48.4; H,5.9; Cr,19.4 %
Preparation of CrAcac2 was also attempted using the non- 
aqueous chelation procedure.
Anhydrous chromium(ll) acetate (1.13 g, 6.6 mmol) was added 
to a slurry of LiAcac (13 mmol) in THF under the stated conditions 
(section 3.2.2). After stirring overnight, the mixture was filtered 
and the filtrate cooled in ice (the drying and extraction stage was
nFig.3.2 Sinter Unit
not carried out since the product was much more soluble in THF 
than in toluene). After two days, large golden-yellow needles had 
separated out. The solvent was reduced in volume to ca. 20 ml to 
induce further crystallisation, but at this stage, the experiment 
was lost due to inadvertent admission of air to the apparatus. The 
experiment was not repeated.
The pyridine adduct of CrAcac2 was prepared by the addition of 
carefully degassed pyridine (6 ml) to the aqueous slurry of CrAcac2 
prepared as described above. The slurry immediately turned black, 
and remained crystalline. No trace of sandy-brown colour could be 
seen. After filtration, it was found that washing the product with 
deoxygenated water changed the colour back to sandy-brown, but a 
further wash with degassed pyridine restored the black colour.
The product was dried under vacuum for ca. 1 hour. Although 
the filter cake remained black, some of the product adhering to the 
walls of the upper flask reverted to the original colour.
On exposure to air, the product quickly turned to a purple-red 
tar, though it was notably less air-sensitive than the unadducted 
product.
Analysis: Calc, for C*o^li+CrO^.py: C,54.7; H,5.8; N,4.3; Cr,15.8 %
Calc, for CioHntCrO/+.2py: C,58.8; H,5.9; N,6.9; Cr,12.7 %
Found: C,50.9; H,5.1; N,4.7; Cr,13.8 %
3.2.2 Preparation of Bis(dipivaloylmethanato)chromium(II)
Dipivaloylmethane was supplied as the copper(ll) complex, 
CuDpm2: pure dipivaloylmethane was isolated as follows.
The copper complex (7.0 g) was dissolved in ether (150 ml), 
and the solution was shaken with successive portions (15 ml each) 
of dilute hydrochloric acid until no further blue-green colour was 
seen in the acid layer. The acid layer was run off, and the ether 
layer was then shaken with sodium bicarbonate solution (2.5% w/v,
2 x 30 ml) and washed with water (2 x 30 ml). The washings were
discarded and the ether was dried with anhydrous magnesium sulphate. 
Once dry, the ether was removed at the rotary evaporator, and the
resulting oil distilled under reduced pressure with a bleed of dry 
nitrogen. Purity of the product was checked by ir spectroscopy.
The chromium(ll) complex was prepared by the non-aqueous 
chelation procedure of Gerlach and Holm (41) (see also section 2.1.2).
Dipivaloylmethane (4.9 ml, 24 mmol) was degassed and dissolved 
in pure deoxygenated THF (ca. 50 ml), and the solution was cooled to 
-20°C. Butyl-lithium (12 ml of a 2.0M solution, 24 mmol) was added 
dropwise from an air-tight syringe to the stirred mixture. Anhydrous 
chromium(ll) acetate (2.08 g, 12.5 mmol) was added to the resulting 
LiDpm solution, and the mixture was allowed to warm to room-temper­
ature with vigorous stirring. After stirring overnight, the deep 
yellow-brown mixture was dried, then extracted with hot deoxygenated 
petroleum ether (80-100°C). The mixture was filtered while still 
hot, and on cooling in ice-water, small yellow crystals separated 
out. The filtrate was reduced in volume to ca. 20 ml, and the 
crystals were filtered off and dried under vacuum for 1 hour.
The dry product consisted of small golden-yellow cubes, and was 
extremely air-sensitive, charring on exposure to air and turning 
green-blue.
Analysis: Calc, for C^ ^ g C r O ^ :  C,63.1; H,9.2; Cr,12.4 %
Found: C,62.7; H,9.2; Cr,12.2 %
The pyridine adduct of CrDpm2 was prepared by adding carefully-
degassed pyridine (2.0 ml) to the filtrate left over from the
preparation described above. The colour of the filtrate changed 
immediately to deep green-black and copious amounts of very dark 
green crystals separated out. These were filtered off, dried 
under vacuum, and sealed off. At this stage, it was noted that the 
product also contained some deep red-orange crystals, later iden­
tified as the oxidised product. The bulk of the dry product 
consisted of very intensely coloured green-black crystals.
The dry product was air-sensitive, but not extremely so: on 
on exposure to the air, the crystals slowly turned to a sticky red 
tar.
Analysis: see over
Analysis: Calc, for CrDpm2 .py: C,65.2; H,8.7; N,2.8 %
Calc, for CrDpm2 .2py: C,6 6 .6 ; H,8.4; N,4.9 %
Found: C,63.0; H,7.8; N,4.0 %
3.2.3 Attempted Preparation of Bis(benzoylacetonato)chromium(II)
Preparation of CrBzac2 was attempted by the non-aqueous 
chelation procedure.
Anhydrous chromium(ll) acetate (1.6 g, 9.5 mmol) was added to 
a suspension in cold THF of the lithium salt of the ligand (19 mmol) 
under the sta-ted conditions (section 3.2.2). Immediately after the 
addition, the mixture turned lilac, but over ca. 30 minutes, the 
colour changed to brown, and after 2 hours it was dark red-brown. 
After stirring overnight, the mixture was dried and extracted with 
toluene, but no solid could be isolated from the solution. The 
solution itself was extremely airfsensitive, samples turning grey- 
green almost immediately on exposure to the air.
In repeat experiments, the extracted solutions showed signif­
icant green colouration, and so were discarded.
3.2.4 Preparation of Pyridine Adducts of CrBzac2
In this experiment, the method of Nast and Riickemann was used
(40).
Chromium(ll) acetate monohydrate (0.96 g, 5 mmol) was dissolved 
with warming in deoxygenated water (ca. 200 ml), and the solution 
was filtered. Into the filtered solution was dripped a solution of 
benzoylacetone (1.53 g, 9.5 mmol) in a mixture of deoxygenated 
acetone (30 ml) and deoxygenated pyridine (12 ml). The final 
mixture was very cloudy and white-purple in colour. After 
standing for several days, copious amounts of a jet-black crystal­
line precipitate had separated out, and the supernatant liquid was
deep yellow-green. The product was filtered off, washed with deoxy­
genated water (ca. 50 ml) and dried under vacuum for 8 hours before 
being sealed off.
The dry product was air-sensitive, quickly turning yellow-
green on exposure to air.
Analysis: Calc, for CrBzac2 .py: C,66.2; H,5.1; N,3.1; Cr,11.5 %
Calc, for CrBzac2 .2py: C,67.7; H,5.3; N,5.3; Cr,9.8 %
Found: C,65.3; H,5.1; N,3.7 %
In other experiments where, in proportion, less pyridine was
used, the product separated as a grey powder. This was filtered 
off, washed and dried as above, and sealed into tubes. It was also 
air-sensitive, turning the same yellow-green colour on exposure to 
air.
Analysis: Found: C,63.3; H,5.0; N,2.0; Cr,10.3 %
3.3 Results and Discussion
3.3.1 Bis(acetylacetonato)chromium(II) and
o
Bis(dipivaloylmethanato)chromium(II)
Magnetic results are given in Figs.3.5 and 3.6, and uv-visible 
reflectance spectra in Figs.3.3 and 3.4 and in the Appendix (p.171)
The reflectance spectra of both compounds indicate square- 
planar structures, in accordance with the X-ray results (32,41). 
Since the donor systems of the ligands are identical, their spectra 
might be expected to be very similar, but examination of the spectra 
clearly shows that this is not so. By analogy with the spectra of
the bis(3-ketoamine) complexes discussed later (section 5.3.3), it
is likely that the difference is due to an intense metal-to-ligand 
charge transfer band being shifted to lower frequencies in the
spectrum of CrDpm2 - The strong +1 effect of the t-butyl groups in
the Dpm residue would tend to increase the electron density of the 
chelate ring and thus strengthen the ligand-metal bonds. This 
would facilitate electron transfer from the metal atom to the 
ligand donor atoms, and the associated absorption band would fall 
to lower frequency. This band is presumably the shoulder at ca.
20 000 cm-1 in the spectrum of CrDpm2 > and is hidden under the 
intense higher frequency ligand absorption bands in the spectrum of 
CrAcac2-
Little more can be deduced from the spectra due to the almost 
complete lack of any published theoretical work on the electronic 
spectra of square planar complexes. Holm and Gerlach (41) reported 
a weak band at 16 500 cm-* (e - 12 l m o l ^ c m ”1) in the solution 
spectrum of CrDpm2 in toluene, and this may be due to a d-d trans­
ition. A similar very weak shoulder was noted here in the spectrum 
of CrAcac2 (Fig.3.3), at 16 100 cm”1, and the two bands may be 
analogous. Equally, they may both be spurious. The CrAcac2 band 
is not due to traces of oxidation, since on oxidation a pronounced 
band appears at 17 600 cm-1 and the shoulder disappears.
Previously, only the room temperature magnetic moments of 
these complexes have been reported (39,41), but for both complexes
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Fig.3.5 Magnetic measurements on CrAcac2 
Data:
Diamagnetic Correction = -104 x 10'6 mol"1
T (K)
00OX
E
X
l / x A ye ff  (B*'
294.7 6.8999 142.78 4.063
262.3 7.6294 129.31 4.028
229.6 8.7282 113.22 4.027
197.5 10.0993 98.01 4.015
164.8 11.9276 83.11 3.982
135.4 14.2041 69.89 3.936
103.5 17.8079 55.83 3.851
91.7 19.6889 50.52 3.810
Results: y293 = 05 B.M. yg0 = 3.81 B.M. e = 15°
eff
(B.M.)
200 H
-l
100 H
— f—  
100 200 300
T (K)
Fig.3.6 Magnetic Measurements on CrDpm2
Data:
Diamagnetic Corrections -238.1 x 10"6 mol"1
T (K) Xm x l 0 3  l / x A pe f f  (B.M.)
287.3 9.8072 99.55 4.804
262.8 10.6489 91.85 4.783
230.5 .. 12.2407 80.14 4.796
198.6 14.2351 69.09 4.795
166.7 17.0162 57.96 4.796
135.6 21.1330 46.79 4.814
104,2 27.6102 35.91 4.817
90.2 31.9649 31.05 4.820
Results: U293 = 4.79 B.M. y9o = 4.81 B.M. 8 = 0 . 5 °
f e f f
100 -
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50 _
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a monomeric structure was predicted, containing h.s. chromium(ll) .
The magnetic moments reported here for CrDpm2 (Fig.3.6 ) support the 
earlier result, showing a magnetic moment invariant with temperature 
and close to the spin-only value for h.s. d^ ion. The variation of 
1/XA w ith temperature follows the Curie-Weiss Law with a negligibly 
small value of 0 , indicating little or no inter-molecular interaction. 
In view of the steric bulk of the Dpm ligand, these results are not 
surprising.
The magnetic measurements reported here for CrAcac2 (Fig.3.5) 
do not agree with those of Costa and Puxeddu (39). The much lower 
value for the room temperature magnetic moment reported here 
(p293 = 4.06 B.M. as against 4.99 B.M. (39)) is unlikely to be due to 
the presence of chromium(IIl), since to produce a decrease of this 
size, the sample would have to contain significant amounts of the 
oxidised product, and it is clear from the electronic spectrum that 
little, if any, oxidation has occurred. It is equally unlikely that 
the low value is due to intermolecular interaction, since an X-ray 
crystallographic study has shown (32) that any intermolecular 
bonding, if it exists at all, is very weak. The low value of 0 
observed in the present work also indicates only very weak inter­
molecular interaction.
The reason for the low value of the room temperature magnetic 
moment is thus unclear, and further work is necessary, possibly 
involving comparison of samples of CrAcac2 prepared by different 
methods, to confirm or refute the results reported here.
3.3.2 Pyridine Adducts of CrAcac2 and CrDpm2
Although the Lewis acidity of divalent transition metal $- 
diketonates is well documented and many Lewis base adducts of these 
compounds have been isolated, and although such adducts of copper(ll) 
B-diketonates have been extensively studied, there have been no 
reports of the corresponding chromium(ll) compounds (with the excep­
tion of CrBzac2 .2py, which is discussed in the following section).
The reactions of CrAcac2 and CrDpm2 with pyridine occurred very 
readily, indicating their strong Lewis acid nature. That excess
water appeared to displace the coordinated pyridine from the CrAcac 
adduct may indicate that after all there is a fair degree of inter­
molecular bonding in the unadducted compound.
Examination of the electronic spectra of the adducts (Figs.3.7 
and 3.8), and comparison of these with those of the pyridine 
adducts of CrAcacibuam2 and CrHappram2 (which have been shown (in 
section 5.5.3) to be l.s. chromium(II) compounds) indicates that 
these compounds contain l.s. chromium(ll). However, due to the 
uncertainty about their exact formulae ( the anomalous analysis 
data may be due to the extreme air-sensitivity of the unadducted 
compounds), little can be deduced with certainty.
Complexes containing l.s. chromium(Il) are discussed in 
detail in section 5.3.3.
3.3.3 Pyridine Adducts of CrBzac2
The electronic spectrum of the black crystalline product is 
shown in Fig.3.9 (that of the grey powder is identical to this).
The magnetic results for both products are given, in Figs.3.10 and 
3.11.
The analysis data given by Nast and Riickemann (40) for their 
compound CrBzac2 .2py are lower than the calculated values: this is 
explained by them as due to the extreme air-sensitivity of the 
compound. This explanation is unlikely since (a) good analytical 
data have been obtained (in the present work) for compounds which 
are considerably more air-sensitive than CrBzac2 .2py (e.g. CrDpm2 ) 
and (b) the figures they quote are very close to the figures 
obtained in the present work:
Nast and Riickemanns data: C,65.5; H,5.5; N,4.0; Cr,9.7
Data from present work: C,65.3; H,5.1; N,3.7 %
Calculated: C,67.7; H,5.1; N,5.3; Cr,9.8
This close agreement would not be expected if the discrepancy
between calculated and found values were due to partial oxidation.
The rather unusual magnetic behaviour of the black crystalline 
product also suggests that the compound is not simply the bis-
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Fig.3.10 Magnetic Measurements on CrBzac2.2py (black crystals)
Data:
Diamagnetic Correction = -104 x 10~6 mol-1
T (K) Xm x 103 m V x A yeff (B.l
289.5 7.6666 126.02 4.286
261.2 7.5781 127.45 4.049
230.2 8.0479 120.25 3.913
202.2 8.7015 111.48 3.809
166.3 9.7841 99.48 3.656
135.6 11.0913 88.03 3.510
103.7 13.5016 72.62 3.380
90.2 15.2815 65.44 3.320
Results: y2g3 = 4.19 B.M. y90 = 3.32 B.M.
r 4 .4
100
-3.8
e ff -3.6
-3.4
-3.2
0 100 200 300
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Fig.3.11 Magnetic Measurements on CrBzac2.2py (grey powder) 
Data:
Diamagnetic Correction = -271.38 x 10-6 mol"1
T (K) Xm x 103 m VxA ye f f
293.2 3.9353 237.72 3.141
262.7 4.4223 213.03 3.140
230.5 5.0004 189.69 3.117
198.6 5.8849 162.43 3.127
166.6 7.0402 136.77 3.121
135.5 8.6559 112.01 3.110
104.2 11.4178 85.55 3.121
89.3 13.2050 74.20 3.102
Results: y293 = 3.14 B.M. y90 = 3.11 B.M. 0 = 3 °
200
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100 “
" O
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pyridine adduct of chromiumC II) benzoylacetonate, but little can 
be deduced with certainty without further investigation (in this 
connection, an X-ray crystallographic investigation of the complex 
would prove interesting). It is clear, however, from the elec­
tronic spectrum, that the black product contains chromiumCII) in 
the l.s. form.
The analysis data for the grey powder may indicate the 
formula CrBzac2 .py.H20 :
Calc, for C25H 25CrN05: C,63.7; H,5.3; N,3.0; Cr,11.0 %
Found: C,63.3; H,5.0; N,2.0; Cr,10.3 %
It is significant that the grey powder was formed in experiments 
in which the proportion of pyridine in the reaction mix was lower.
Again, the magnetic data (Fig.3.11) indicate that this 
compound is not the same as the black crystalline product: it is 
quite clearly a normal low-spin chromiumCII) complex (as shown by 
its electronic spectrum).
The results presented here clearly support Nast and Riickemanns 
suggestion that their compound contained l.s. chromium(ll), but
further work needs to be done to clarify some of the details of
these findings.
CHAPTER 4
COMPLEXES OF CHROMIUM(II) WITH 
2-HYDROXYARYLCARBONYL COMPOUNDS
4.1 Introduction
2-Hydroxyarylcarbonyl compounds have the general formula 
shown below, where R can be any organic residue.
! V— OH SalH : R = H-HapH : R = CH3-
MeOSalH : R = CH30-
c = o
The two simplest members are salicylaldehyde (SalH, R = H) and
2-hydroxyacetophenone (HapH, R = CH3).
Incorporation of the carbon-carbon double bond of the
3-diketones into an aromatic ring destroys the equivalence of the 
oxygen atoms (30): this is shown in their X-ray structures and in 
their ir spectra. In typical 3-diketonate complexes, the C=C and
C=0 stretching frequencies are seen as two intense bands at ca.
1520 cm”1 and ca. 1600 cm”1. In complexes of 2-hydroxyarylcarbonyl 
compounds, the C=0 stretch alone is seen, at 1640 cm”1.
Transition metal complexes of 2-hydroxyarylcarbonyl compounds 
have not been studied nearly as extensively as the corresponding 
3“diketone complexes, due to the much greater stereochemical 
versatility of the latter, but work has shown that, for a given 
metal, the simpler members of the two classes of ligand form com­
plexes with similar properties. The copper(ll) complexes, in 
particular, closely resemble one another (30), with the 2-hydroxy­
arylcarbonyl complexes having H293 tlie range 1.8 - 2.1 B.M. and 
electronic spectra with bands at ca. 14 000 and ca. 17 000 cm”1.
Hence it may be safely assumed that they likewise adopt a planar 
structure, and show weak intermolecular attraction in the solid state.
There has been no work published concerning chromium(Il) 
complexes of these ligands.
4.2 Attempted Preparation of Bis(salicylaldehydato)- 
chromium(II)
Preparation of CrSal2 was attempted after all attempts to prepare 
CrSalen had failed since (a) CrAcac2 is much easier to prepare than 
the corresponding 3~ketoamine complexes, and CrSal2 might be expected 
to be correspondingly easier to prepare than CrSalen, and (b) being 
a simple ligand, difficulties due to steric bulk would be minimised.
4.2.1 Experimental
Two methods were used: the aqueous method used for the prep­
aration of CrAcac2 (section 3.2.1) and the non-aqueous chelation 
procedure described earlier (section 3.2.2).
Chromium(lll) chloride hexahydrate (4.50 g, 16.9 mmol) was 
reduced with zinc amalgam in acid solution and the sky-blue solution 
was filtered into aqueous sodium acetate (8.0 g in 15 ml water).
The deep pink precipitate was filtered off, washed with water and 
reslurried into a clean flask. On addition of degassed salicyl- 
aldehyde (3.54 ml, 33.8 mmol), and vigorous shaking, a pale green 
suspension and dark red-brown oily globules were formed. The pale 
green suspension was decanted off and found to be air-stable. The 
remaining oil was also found to be air-stable. Still in the flask, 
it was dried thoroughly under vacuum and was dissolved in acetone. 
Addition of petroleum ether to this solution gave a green precip­
itate which was filtered off and dried at the pump. The product 
was labelled BS92.
In the non-aqueous experiment, anhydrous chromium(ll) acetate 
(2.04 g, 12.0 mmol) was added to a cold solution of the lithium 
salt of the ligand under the stated conditions (section 3.2.2).
After a few minutes, the reaction mixture had turned dark green and 
was found to be air-stable. The mixture was dried under vacuum, 
extracted with dry toluene and filtered. The filtrate was taken to 
dryness and the solid collected as BS101.
4.2.2 Results and Discussion
The ir spectra of the two products appeared to be different, 
so the two products were investigated in detail.
BS92 The ir spectrum of BS92 (Fig.4.1) shows some contamination 
due to free salicylaldehyde, but the intense peak at 1615 c m -1 
suggests coordination of salicylaldehyde (C=0 stretch in free sal­
icylaldehyde = 1665 cm-1) (42,43). Presence of the acetate anion 
is suggested by the very strong peaks at ca. 1580 and 1420 cm”1 
(asymmetric and symmetric O-C-O stretch, respectively). It would 
therefore appear that the product is impure bis(salicylaldehydato)- 
chromium(ll) acetate, though this is not conclusive since detail in 
in the region 1600 - 1400 cm”1 is largely obscured by the very 
strong bands present.
The coordinated ligand was isolated by treating the solid with 
dilute aqueous sodium hydroxide, filtering the resulting suspension, 
acidifying the filtrate with dilute hydrochloric acid, then extrac­
ting with ether. The ir spectrum of the oil obtained by evaporating 
the ether from the extract is very similar to that of free salicyl­
aldehyde, showing a strong peak at 1670 cm”1. The proton nmr 
spectrum of the oil (Fig.4.3) shows the various peaks characteristic 
of salicylaldehyde.
It is thus fairly certain that the ligand is indeed salicyl­
aldehyde .
BS101 The ir spectrum of BS101 (Fig.4.2) shows no band assignable 
to coordinated C=0 stretch at ca. 1615 cm”1, and shows no bands 
assignable to O-C-O stretch.
The coordinated ligand was isolated as above, and the proton 
nmr spectrum recorded (Fig.4.3). This shows no significant alde- 
hydic proton peak, and no H-bonded phenolic proton peak. However, 
assignments of the additional triplet at 4.93 ppm (J = 6 Hz) and 
the additional singlet at 4.73 ppm are not possible, since it is 
clear from the aromatic multiplet that the sample is a mixture of 
at least two compounds.
It is likely, then, that the ligand is not salicylaldehyde: the 
most likely possibility is that on complexation, reduction of the
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Fig.4.3 Proton NMR Spectra of Ligands from 
Attempted Preparations of CrSal2
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(b) Ligand from BS101
(non-aqueous preparation)
(Solvent = <?6 -Acetone)
ligand carbonyl function occurred, with concomitant oxidation of 
the chromium to chromiumCIII) (the simplest reduction product of 
salicylaldehyde is 2-hydroxybenzyl alcohol, but it is not possible 
to make any definite conclusions about the nature of the ligand 
here without further experimental evidence).
A reason for lack of formation of an air-sensitive product can 
now be tentatively postulated, according to the following reaction 
scheme:
2SalH -2BuLl»■ 2SalLi [crSal2] — --6— Cr(lll)-(reduced Sal)
L auto-redox
This hypothesis is supported by the work of Hanson who states (44) 
that ammoniacal chromiumCII) salts (stronger reducing agents than 
chromiumCII) acetate) were found to reduce benzaldehyde and aceto- 
phenone (the non-hydroxylic analogues of salicylaldehyde and 
2-hydroxyacetophenone) to benzylamine (sic) and 1-phenylethanol, 
respectively.
The reaction scheme above can only apply to experiments carried 
out under anhydrous conditions: the result from the aqueous experi­
ment indicate that when a ready source of protons is present in the 
reaction mixture, the Cr(lll) product forms by a more direct route, 
without reduction of the ligand Ccf. the parallel results obtained 
in the attempted synthesis of CrSalen (section 5.2.2) and the dis­
cussion of those results (section 5.2.3)).
It has been found (in the present work) that, while CrAcac2 
can be made with relative ease, all attempts to synthesise CrSal2 
have failed: further, it is well known from classical organic 
chemistry that ketones are more stable than aldehydes to oxidation 
and reduction. The general principle, then, would appear to be 
that only ligands that are relatively resistant to reduction will 
form complexes containing chromium(ll). Compounds that are easily 
reduced (such as aldehydes) would be expected, on coordination to 
chromium(ll), to initiate a redox reaction, giving a chromium(lll) 
species (sometimes with, sometimes without reduction of the ligand). 
The ketone analogue of salicylaldehyde, 2-hydroxyacetophenone, then, 
would be expected to form isolable chromium(ll) complexes.
4.3 Attempted Preparation of Bis(2-hydroxyacetophen- 
onato)chromium(II)
4.3.1 Experimental
It was thought that CrHap2 might be sufficiently inert for it 
to be prepared from an aqueous reaction mix (cf. CrAcac2): this 
would avoid the lengthy and inconvenient non-aqueous chelation 
procedure.
Accordingly, degassed 2-hydroxyacetophenone (1.1 ml, 8.9 mmol) 
was added to £rBr2 .2THF (1.58 g, 4.4 mmol) dissolved in deoxygenated 
water. The green-grey solution which formed immediately was found 
to be air-stable. A further experiment using chromium(Il) acetate 
monohydrate as the starting material gave an exactly similar result. 
The products were discarded.
The preparation was then attempted using the non-aqueous 
chelation procedure: anhydrous chromiurn(ll) acetate (3.49 g, 20.5 mmo 
was added to a cold solution of the lithium salt of the ligand (41 
mmol) under the stated conditions (section 3.2.2). Once it had 
warmed to room temperature, the mixture was chocolate-brown, but 
over about 1 hour, the colour changed to dark green. The reaction 
mix was then found to be air-stable, and so was discarded.
4.3.2 Results and Discussion
The failure of attempts to prepare a chromium(ll) complex was 
not expected, though it is hardly surprising, since Hanson (44) has 
reported that acetophenone is reduced by ammoniacal chromium(ll) 
salts.
It should be noted that, in the non-aqueous experiments, while 
the chromium(II)-salicylaldehyde mixture turned green almost immed­
iately after mixing, the chromium(II)-2-hydroxyacetophenone mixture 
turned green much more slowly, and further, that the brown colour 
seen initially is characteristic of Cr(ll)-0i+ complexes: thus the 
initial premise, that 2-hydroxyacetophenone would be more stable 
to reduction than salicylaldehyde, is borne out.
4.4 Preparation of Bis(methylsalicylato)chromium(II)
Of the remaining easily accessible 2-hydroxyarylcarbonyl 
compounds, only the salicylate esters were thought to be likely to 
combine the necessary resistance to reduction with stability to 
hydrolysis and/or solvolysis.
4.4.1 Experimental
ChromiumCII) acetate monohydrate (1.74 g, 9.3 mmol) was sus­
pended in a mixture of degassed methyl salicylate (2.81 g, 18.5 mmol) 
and deoxygenated water (ca. 50 ml). Sodium hydroxide (0.74 g,
18.5 mmol) was added against a brisk outflow of nitrogen. On mixing 
of the reagents, a mustard-yellow product separated out immediately, 
and the mixture was left to stand, with occasional shaking, until 
all the sodium hydroxide had dissolved. The solid was filtered off 
and washed with deoxygenated water (ca. 50 ml), then deoxygenated 
ethanol (96 %; ca. 30 ml) and dried under vacuum at room temperature 
for six hours. The sandy-yellow dry product was transferred to 
tubes in the inert-atmosphere box. Yield 2.65 g (81% of theory).
Analysis: Calc, for CieH ittCr0 6 : C,54.2; H,4.0; Cr,14.7 %
Found: C,44.2; H,4.5; Cr,17.2 %
The preparation was repeated using chromiumCII) chloride 
tetrahydrate as the starting material, by the same method. A 
similar sandy-yellow product resulted.
Analysis: Found: C,45.7; H,4.7 %
The dry solid product was air-sensitive, but not extremely 
so: a sample exposed to the air showed little colour change even 
after two hours. By contrast, solutions of the product were very 
air-sensitive, turning green very quickly on exposure.
The product was soluble in absolute ethanol, but almost insol­
uble in 96% ethanol. The oxidised product was very soluble in 96% 
ethanol-.
4.4.2 Results and Discussion
The first set of analysis data given above fit the formula 
Cr(MeOSal)(0Ac)2 almost exactly, but this formulation is highly 
unlikely since (a) the colour of the product is not at all typical 
of adducts of chromium(II) acetate (which are all shades of red, 
brown or violet); (b) the electronic spectrum of the product 
(Fig.4.4) does not show the strong bands at ca. 21 000 and 
30 000 cm”1 typical of chromium(ll) carboxylates; (c) the infra­
red spectrum of the product does not show the intense peaks at 
1580 and 1420 cm-1 due to carboxyl stretching and characteristic 
of coordinated acetate; and (d) a similar product was formed when 
acetate was absent from the reaction mixture.
The magnetic data (Fig.4.5) and electronic spectrum (Fig.4.4) 
of the product both indicate an authentic chromium(ll) compound of 
formula Cr(MeOSal)2 > but due to the anomalous analytical data, 
little store can be set by this. It is likely that the pure com­
pound (possibly in the crystalline state) could be obtained by 
using the non-aqueous chelation procedure (section 3.2.2), but 
time did not permit this during the course of the present work. 
Cr(MeOSal)2 > once fully characterised, will be only the third Cr(ll)-0it 
compound to be isolated (and thus of great interest in comparison 
with CrAcac2 and CrDpn^) and will be the sole example of a chromium(ll) 
2-hydroxyarylcarbonyl complex: as such, its isolation as a pure 
compound could add greatly to the knowledge of the chemistry of the 
divalent state of chromium.
The isolation of Cr(MeOSal)2j albeit in an impure state, bears 
out the hypothesis advanced above (section 4.2.2) by showing that 
when reduction of the ligand is prevented, a chromium(ll) complex 
can be isolated. A conclusive test of the hypothesis would be to 
attempt the synthesis of the chromium(ll) complex of the aldehyde 
closest in structure to acetylacetone, viz. butan-1,3-dione (ill)
It would be expected that the complex Cr(butan-1,3-dionate)2 would 
not be isolable, and that all attempts to prepare it would yield 
a chromiumCIII) complex , by reduction of the aldehyde group. 
Unfortunately, time did not allow this experiment to be attempted 
during the course of the present work.
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Fig.4.5 Magnetic Measurements on "CrMeOSal2"
Data (assuming the formulation Cr(MeOSal)2) :
Diamagneti c Correction = -149 .1 x 10"6 mol-1
T (K) X x 103 Am l /x A ye ff
293.3 8.0243 122.35 4.379
262.8 8.8927 110.60 4.359
230.3 10.1085 97.49 4.347
198.5 11.8106 83.61 4.357
166.4 13.8949 71.20 4.323
135.6 17.1081 57.95 4.326
103.0 21.9539 45.24 4.267
89.2 24.9239 39.88 4.230
Results: y 293 = 4.37 B.M. ]igo = 4.23 B.M.
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CHAPTER 5
COMPLEXES OF CHROMIUM(II) WITH SOME SCHIFF BASES
5.1 Introduction
Schiff base complexes of transition metals have been among 
the most widely studied of coordination compounds: a vast amount
of work has been published, and the study of these compounds has 
been central in the development of coordination chemistry. As 
model systems, they have also played a vital part in the unravel­
ling of many biochemical processes. Several extensive reviews of 
the chemistry of the Schiff bases and their complexes have 
appeared (45,46,47), hence only the salient features are discus­
sed here.
Schiff bases are those compounds containing the azomethine 
group ( — R C = N — ), usually prepared by condensation of a primary 
amine with an active carbonyl compound. Formation of stable 
complexes is only possible if a second functional group is present, 
sited such that, on coordination with a metal ion, a chelate ring 
is formed (usually 5- or 6-membered). The relative ease of syn­
thesis of the Schiff bases has led to the isolation of a huge 
variety of such compounds: most are of only incidental interest, 
but some, notably those derived from the S-diketones and from 
salicylaldehyde, have been extensively studied.
The Schiff bases derived from {3-diketones, the f3-ketoamines, 
have the general formula IV
The structure of these compounds has been the subject of much 
debate, but it is now generally accepted that the keto-amine form 
(iVb) is the major constituent (48). In an acetone solution of 
bis(acetylacetone)ethylenediamine (R - R 1 = CH3 , R" = — CH2CH2— ) j 
the keto-imine form is thought to be present to the extent of 5% 
or less, and the keto-amine form over 80%; there is no definite 
evidence for the presence of the enol-imine form (iVa).
R '/
(a)
H  *6- >  H
In metal complexes, the (3-ketoamine ring behaves as a quasi-aromatic 
system, with the ring C-C bonds similar in length.
The Schiff bases derived from salicylaldehyde have the general 
formula V:
H  H  r -
These are thought to exist almost exclusively as the phenol-imine 
tautomer: in high-resolution proton nmr, no trace was found of 
any splitting in the signal due to the methine proton that could 
not be assigned to long-range coupling (49). Very little work has 
been done on the closely-related Schiff bases which have an alkyl 
group attached to the 7-carbon atom.
Complexes of Schiff bases have been synthesised using three 
major routes:
i) reaction of a primary amine with a preformed metal-salicyl- 
aldehyde complex;
ii) reaction of a ketone or aldehyde with the primary amine 
complex of the metal; or
iii) reaction of a metal salt (usually the acetate) with a
preformed Schiff base.
(i) is the most general: the reactants are usually either heated
in a solvent in which water is soluble, or else a solvent such as
chloroform is used, and water distilled off during the course of 
the reaction. Scheme (iii) is especially useful if the complex 
is sensitive to the presence of water. A variant is to use a salt 
of the Schiff base and the anhydrous metal acetate: thus water can 
be completely excluded from the reaction mixture.
Scheme (i) is to be preferred to scheme (ii) since coordination 
of the amine reduces the nucleophilicity of the nitrogen atoms and 
thus reduces the ease of reaction (cf. coordination of the aldehyde 
increases the dipole of the C=0 and facilitates the condensation 
(47)). Further, reactions in which the method (ii) does work show
little evidence that the amine remains coordinated to the metal 
during the condensation (50)
The direct reaction of amines with preformed $-diketone 
complexes is generally unsuccessful: thus copper(ll) acetyl- 
acetonate reacts with ethylenediamine in refluxing chloroform to 
give, not the expected complex CuAcacen, containing a tetradentate 
ligand, but the bis(ethylenediamine)copper(II) cation (46) (cf. the 
copper(II) salicylaldehyde complex reacts readily at room temperat­
ure to give the expected product). The reason for this inertness 
is probably the delocalisation of the charge in the ligand giving 
a quasi-aromatic system. A further factor is the steric hindrance 
due to the substituents on the carbon atom adjacent to the oxygen 
atom.
Complexes with Bidentate Ligands (46)
All currently available structural evidence indicates that, 
for a given metal, the structures of its complexes with simple, 
bidentate Schiff bases conform to those found in other complexes 
of that metal. Thus the complexes of bidentate Sciff bases with 
cobalt(ll) and zinc(ll) tend to be tetrahedral; those with copper(ll), 
nickel(ll) and palladium(ll), planar.
The planar complexes appear to be exclusively in the trans­
configuration (VI),
but distortion from co-planarity of the chelate rings and (in the 
case of salicylaldimine complexes) from planarity within each ring, 
are relatively common. Both types of distortion are seen in the 
nickel(ll) salicylaldimines: in NiSalmeam2 (R" = CH3), the benzene 
ring, the phenolic oxygen and the metal atom are coplanar (as in 
most other salicylaldimine complexes), but the C 1-C7 bond makes an 
angle of 13° with this plane. The gross stereochemistry of the 
coordination unit is thus planar, and NiSalmeam2 is diamagnetic.
The distortion increases with increasing steric bulk of the amine 
residue of the ligand, and NiSalipram2 (R" = i-C3Hy) contains two
the angle expected for a tetrahedral complex is 90°, this complex 
can be considered to have a distorted tetrahedral structure (VII),
and indeed the complex is found to be paramagnetic. Steric 
factors are often critical in complexes of this type, e.g. the 
3rmethyl substituent of NiSalipram2 is thought to be essentially 
planar, whereas the 3-ethyl substituent is again thought to be 
grossly distorted.
A third type of distortion to relieve steric strain is found 
in, for example, complexes of palladium(Il) with salicylaldimines 
having bulky N-substituents. PdSaltbuam2 (VIII) has been shown
(51) to possess a "stepped11 structure (IX), with a trans-planar
salicylaldimine ligands. Note that this type of structure is not 
identical to that of NiSalmeam2 . Stepped structures are very
The relatively rare 5-coordinate stereochemistry has also been 
observed in the zinc(ll), cobalt(ll) and manganese(ll) complexes of 
SalmeamH (46). These are all isomorphous and the structure of the
planar chelate rings making an angle of 82° with each other. Since
PdC>2N2 coordination unit, and a step distance of 1.7 A between the
common (52) and stepping is even found in some complexes in which 
steric strain is absent, such as CuSal2 (step - 0.37 A) (53).
zinc complex indicates that it contains dimeric units formed by the 
sharing of oxygen atoms (X).
Z n — N
In solution in non-coordinating solvents, nickel(ll) 
salicylaldimines show unusual behaviour (46). When R" is a 
straight-chain alkyl group, the solids are diamagnetic (i.e. 
square planar, monomeric) but the solutions are paramagnetic to 
vaying degrees. This is due to association (as in XII below): 
the paramagnetism being due to a mixture of diamagnetic square- 
planar molecules and paramagnetic associated molecules. When 
R" is an alkyl group branched at the a-carbon atom, the solutions 
show no association, yet the paramagnetism is much greater than 
when R" is a straight-chain alkyl group. This can only be due to 
the presence of tetrahedral molecules: in effect, there is an 
equilibrium between the square planar and the tetrahedral species 
(which has been confirmed by spectral measurements). The steric 
factor is of critical importance in this conversion: thus if R" 
is t-butyl, the nickel complex is paramagnetic even in the solid 
state, but if the chain branching begins at the 3-carbon atom, 
little if any conversion is seen. Exactly the same behaviour is 
found in nickel(ll) complexes of 3“ketoamines: when R" = sec-alkyl 
the complexes are almost completely tetrahedral, but when R" = 
aryl, the equilibrium is shifted towards the planar form (54).
There is, however, no evidence for such equilibria in the 
salicylaldimine complexes of cobalt(ll): whatever N-substituent is 
present, the complexes are always tetrahedral. Cobalt(ll)-3”keto- 
amine complexes show some evidence (albeit inconclusive) of the 
presence of planar-tetrahedral interconversion.
CuSalmeam2 exists in three structural modifications in the 
solid state: the a-form consists of planar molecules stacked one 
above the other so that the copper atoms form chains running through
the crystal. The 3“form is isomorphous with the Nisalmeam2 complex 
described above (XI), and the y-form contains dimeric units of the 
complex held together by Cu-0 bonds (XII).
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The series of copper(Il) complexes of benzoylacetone Schiff bases 
(XIII) with N-substituents ranging in steric bulk from R" = H to 
R" = i-^Hy have been studied (55) and have been found to be similar
XIII R - <a> H
(b) GH3
(c) i-C3H 7
(d) -CH2CH2-
(BzacamH)
(BzacmeamH)
(BzacipramH)
(BzacenH2)
to the corresponding series of salicylaldimine complexes. In the 
latter, those complexes with R" = H, CH3, n-C3H 7 , n-C^Hg have a 
planar Cu02N2 unit in the solid state, whereas those with R" = C2H 5 ,
i-C3H7 or t-C^Hg have distorted tetrahedral structures, with angles 
of 36°, 60°, and 54° respectively between the CuON planes (55). In 
the series of complexes of the benzoylacetone Schiff bases, it was 
thought that only the complex with R" = i-C3H 7 showed significant 
deviation from planarity, since this was spectrally quite dissimilar 
to the other complexes. Since, on the basis of electronic spectra, 
it retains its configuration in solution, the complex with R" - i-C3H 7 
was thought not to undergo planar-tetrahedral conversion, but to 
maintain an intermediate stereochemistry both in the solid state and 
in solution.
Complexes with Tridentate Ligands
Schiff bases such as 2V-(2-hydroxyphenyl)salicylaldimine (XIV) 
and W-(2-hydroxypropyl)salicylaldimine (XV) are dibasic and
H H
potentially tridentate. A number of complexes of copper(Il) with 
such ligands have unusually low magnetic moments: these complexes 
have been the subject of much study, and it now appears that they 
generally adopt a dimeric structure (46,56) obviating the need for 
a 3-coordinate metal atom. The dimeric unit is held together by 
bridging oxygen atoms: either the phenolic oxygens (XVI) or the 
hydroxylic oxygens (XVII). Both structures have been identified 
(56).
XVI
n
,cu Cu Cu 
N X0  N
cu
Such complexes often react with water or pyridine to achieve a 
normal mononuclear, 4-coordinate structure, with a solvent molecule 
occupying the fourth position.
A tetrameric cubane-type structure has been reported for 
CuAcacetOam (57) in which each alcoholic oxygen bridges three copper 
atoms (XVIII). The room-temperature magnetic moment is normal, and
\ I I N CurJ=O.V
Cu-
.Cu
XVIII
(the fourth ligand has 
been omitted for clarity)
N
the effect of coupling is not seen except at very low temperatures
The dimeric complexes are interesting in that the metal atoms 
are constrained by the ligand into close proximity, giving rise to 
the unusual physical properties.
Complexes with Tetradentate Ligands
Schiff bases formed by the condensation of diamines with salicyl- 
aldehyde or acetylacetone are dibasic tetradentate ligands. Complexes 
of such ligands have been extensively studied since they correspond 
closely to the macrocyclic systems of many biologically active 
compounds.
When the bridging carbon chain is short (2-4 atoms long), the 
ligand is constrained to form planar, cis-complexes: this is the 
usual stereochemistry for all such complexes. Deviations from 
planarity do occur, as found in the analogous bis(bidentate) com­
plexes. Increasing the chain length can allow a change in structure 
to tetrahedral: thus cobalt(ll) salicylaldimine complexes with 
chain lengths of 7-10 carbon atoms show magnetic moments consistent 
with tetrahedral cobalt(ll). However, the great chain length may 
prevent both ends of a ligand molecule coordinating to the same 
metal atom, giving rise to a polymeric structure: this may be true 
of the polymethylene cobalt complexes, which were found to be only 
poorly soluble in most solvents.
There is no conclusive evidence for the trans-planar config­
uration in any of these complexes.
Complexes of Chromium(II) with Schiff Bases
Very little work on complexes of chromium(ll) with Schiff bases 
has been reported.
Chromium(Il) complexes with benzoylacetone Schiff bases (XIII) 
have been prepared (55) by an exactly similar procedure to that 
used for CrDpm2 (41). CrBzacam2 could not be isolated pure. By 
comparison with CrDpm2 (which has been shown (41) to be isomorphous 
with CuDpm2 jWhich is itself known to be planar), these complexes 
are thought to be essentially planar. Although the powder X-ray
diffraction patterns of CrBzacmeam2 and CuBzacmeara2 are similar, 
there is no proven isomorphous relationship. However, CrBzacipram2 
was found to be definitely isomorphous with PdBzacipram2. Since 
PdSaltbuam2 is known to have a stepped structure, and no palladium 
chelates are known to relieve steric strain by torsional distortion, 
it seems likely that CrBzacipram2 similarly possesses a stepped 
structure. The near coincidence of the spectral and magnetic prop­
erties of CrBzacmeam2, CrBzacipram2 and CrDpm2 shows that any dis­
tortion is, however, relatively minor.
CrBzacen was also isolated, but the magnetic moment (y2g3 =
2.22 B.M.) was thought to indicate an associated structure, possibly 
dimeric as in the y-form of CuSalmeam2(an identical structure is 
also seen in CuSalen).
It was found that these complexes reacted with chlorinated 
hydrocarbons to give products with solution magnetic moments of ca.
3.7 B.M. No attempts were made to characterise the products.
Chromium(ll) complexes of furfuraldimines have been reported, 
but no mention is made of any problems or any precautions due to 
the air-sensitivity of these complexes (58).
Chromium(ll) complexes are said to be formed when chromium(ll) 
acetate is added under nitrogen to solutions of the polymeric 
Schiff bases XIX and XX (2i).
N = <
O H  H O
XIX  R = -(CH2)3N(CH3)(CH2)3-
X X  R = ) - C H 2 - Q
The products are surprisingly air-stable (oxidation by hydrogen 
peroxide occurs only on heating) and the magnetic moments are ca. 
3.0 B.M. It is thought, however, that rather than being l.s. d4 , 
these complexes contain chromium(lll) (expected magnetic moment 
3.87 B.M.), with the low magnetic moments due to cross-linking by 
oxo- or hydroxo-bridging giving rise to anti-ferromagnetic inter­
action.
There have been no reports of chromium(ll) complexes with 
bidentate salicylaldimine ligands, monomeric tetradentate salicyl­
aldimine ligands, or dibasic tridentate ligands. Several attempts 
have been made to prepare CrSalen (59) but none have succeeded.
5.2 Attempted Preparation of CrSalen
5.2.1 Introduction'
Chromiura(ll) salts have long been used in synthetic organic 
chemistry as reducing agents (44). More recently, complexes of 
chromium(ll) have been used, notably CrAcac£: this is a much more 
powerful reducing agent than aqueous chromium(ll) salts, as evid­
enced by its much greater sensitivity to aerial oxidation, and 
has been used-in the synthesis of transition metal porphyrin 
complexes (60,61). A radiolabelling study (60a) showed that reduc 
tion with CrAcac2 proceeds via an inner-sphere, chlorine-bridged 
mechanism:
The reaction is clean and the method is very convenient.
Complexes of transition metals with SalenH2 have long been 
used in model studies of biochemical processes, so it was thought 
likely that the CrAcac2 reduction method might provide an easy and 
convenient route to the complexes of chromium(ll) with salicyl­
aldimine s .
5.2.2 Experimental
CrAcac2 was prepared as described earlier (section 3.2.1).
Preparation of SalenH2
The ligand SalenH was prepared by the method of Diehl and 
Hach (62): 1 ,2-diaminoethane (6.0 g, 0.1 mol) dissolved in 96% 
ethanol (30 ml) was added to a solution of salicylaldehyde (24.5 g
0.2 mol) in 96% ethanol (50 ml) and the mixture heated to reflux. 
Abundant amounts of bright yellow crystals separated out, and the 
slurry was cooled in ice and filtered at the pump. The product 
was washed with cold 96% ethanol (2 x 20 ml) and dried overnight 
under vacuum at 80°C.
Yield: 22.2 g (83%)
M.Pt.: 120-122°C (Lit. 123°C (59))
Preparation of Chromium(III) Salen Chloride
CICrSalen was prepared by allowing the aerial oxidation of a 
mixture of-chromium(ll) chloride (34 mmol, prepared by Zn/Hg reduc­
tion of chroraium(III) chloride) and SalenH2 (9.08 g, 34 mmol), in 
solution in aqueous acetone (15 ml water, 50 ml acetone) (63). The 
chestnut-brown hydrated product separated out immediately, was 
filtered off at the pump, and washed with acetone (20 ml), then 
water (50 ml). The brown anhydrous product was obtained by heating 
the hydrate at 120°C under vacuum for several hours. The loss of 
all the water was checked by ir spectroscopy.
Yield: 5.1 g (39%)
Analysis: Calc, for Ci6H litClCrN202: Cr, 14.70 %
Found: Cr, 14.87 %
Reduction of CICrSalen
CICrSalen (3.84 g, 10.9 mmol) was slurried in a mixture of 
deoxygenated dried toluene (20 ml) and degassed pyridine (5 ml) (in 
which mixture the solid was slightly soluble), and CrAcac2 (5.43 g,
21.7 mmol) was added as a slurry in degassed dried toluene (30 ml). 
The mixture immediately changed colour to green-black and a copious 
green-black precipitate was formed. This was filtered off and dried 
under vacuum for 2 hours at room temperature. The dry product was 
a dark green powder, turning sandy-yellow with charring on exposure 
to air.
The experiment was repeated using deoxygenated THF as the 
solvent for the CICrSalen. CrAcac2 (0.85 g, 3.4mmol) was added to 
a slurry of CICrSalen (1.2 g, 3.4mmol) in deoxygenated THF. No 
colour change was seen, even after warming. Addition of deoxygen­
ated pyridine caused a change in colour to very dark green, but on 
setting the mixture aside to stand, the colour reverted to the
original brown colour. It was found that the mixture was not 
observably air-sensitive, and so it was discarded.
Preparation of CICrSalen.py
CICrSalen.2H 2O (4.63 g) was heated with pyridine (50 ml) under 
reflux for 30 minutes, the mixture was cooled, and the khaki-brown 
solid was filtered off and dried at the pump (63).
Analysis: Calc, for C2 iH19ClCrN302: C, 58.3; H, 4.4; N, 9.7 %
Found: C, 5613; H, 4.4; N, 9.8 %
Reduction of CICrSalen.py
CICrSalen.py (4.54 g, 10.5 mmol) was slurried in ca. 20 ml dry 
deoxygenated toluene and CrAcac2 (7.11 g, 28.5 mmol), also slurried 
in deoxygenated toluene (30 ml), was added. -No immediate colour 
change was seen. The mixture was heated to reflux: from the dark 
brown hot solution a fawn-brown solid separated on cooling. This
was filtered off and dried under vacuum, giving a khaki-brown
solid, very similar in colour to CICrSalen.py and not observably 
air-sensitive.
Attempted Preparation of CrSalen
Preparation of CrSalen was also attempted using the non- 
aqueous chelation procedure described earlier (section 3.2.2).
SalenH2 was dissolved in deoxygenated dry THF and the lithium 
salt generated by addition of butyl-lithium solution (5.3 ml,
10 mmol active BuLi) under the stated conditions. On addition of 
the anhydrous chromium(ll) acetate (0.79 g, 4.7 mmol), and allowing 
the mixture to warm to room temperature, the colour changed to deep 
brown. It was found that the mixture was air-stable, so it was 
filtered and the filtrate retained for analysis by g.c. The gas 
chromatogram showed no peaks other than those due to hexane and THF.
Attempted Preparation of CrSalmeam2
N-methylsalicylaldimine (SalmeamH) was prepared by the method 
of West (64). Methylammonium chloride (8.0 g, 118 mmol) was dis­
solved in 96% ethanol (30 ml) with sodium hydroxide (4.44 g, 110 
mmol). Salicylaldehyde (14.5 g, 118 mmol) was added dropwise, 
giving an intense-yellow coloured solution. The sodium chloride
produced was filtered off and washed well with ethanol to ensure 
maximum yield of product. The filtrate was combined with the 
washings, dried with anhydrous potassium carbonate and distilled 
under reduced pressure (vacuum pump). The product was collected 
as an intense yellow coloured oil, b.p. 55°C/ 0.1 torr. Purity 
was checked by proton nmr, which showed the complete absence of 
unreacted salicylaldehyde.
Preparation of the chromium complex was attempted by the 
non-aqueous chelation procedure (section 3.2.2).
Degassed SalmeamH (2.54 g, 18.8 mmol) was dissolved in dry 
deoxygenated .THF and the lithium salt generated by addition of 
butyl-lithium solution (13.1 ml, 18.8 mmol active BuLi) under 
the stated conditions. Anhydrous chromium(ll) acetate (1.6 g,
9.4 mmol) was added, and as the mixture warmed to room temperature 
the colour changed to deep brown. Drying and extraction gave a 
deep yellow-brown toluene extract, but this was found to be air- 
stable, and so was discarded.
5.2.3 Results and Discussion
The analysis data for the green-black product from the first 
CICrSalen reduction do not fit any of the possible CrSalen 
complexes, nor do they fit possible pyridine adducts of CrAcac2 ;
Found: C,51.8; H,4.6; N,7.4; Cr,12.5
Calc, for CrSalen: C,60.4; H,4.4; N,8.8; Cr,16.3
CrSalen.py: C,63.5; H,4.8; N,10.6 ; Cr,13.1
CrSalen.2py: C,65.5; H,5.1; N, 11.8 ; Cr,10.9
CrAcac2 *py: C,54.7; H,5.8; N,4.3; Cr,15.8
CrAcac2-2py: C,58.9; H,5.9; N,6.9; Cr,12.7
The ir spectrum of the product shows peaks at 1565 cm ”1 and 
1515 cm”1 characteristic of acetylacetonato-species, and the elec­
tronic spectrum (Fig. 5.1) is very similar to that of CrAcac2*2py 
(Fig.3.7). It is thus clear that the product contains significant 
amounts of unreacted CrAcac2 , as the pyridine adduct.
A Lassaigne test showed chloride to be absent from the oxidised 
product (test for nitrogen positive). However, chloride was shown
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to be present in the product filtrate, showing that some reaction 
had occurred involving removal of Cl from the CICrSalen (CICrSalen 
was only slightly soluble in the reaction mix).
The products from the other Cr(lll)-Salen reduction experi­
ments were not investigated further.
Three possible reasons for the failure of the reduction method 
to give Cr(ll)-Salen species were thought to be
a) that the reaction method or conditions were unfavourable;
b) that the "hole" of the Salen ligand might be too small to 
accommodate the chromium(ll) ion (cf. the work of Busch 
reported in ref.2i);
c) that CrSalen is somehow intrinsically unstable, and reacts 
further immediately on formation.
The first possibility was tested by using the non-aqueous chelation 
method: this method is much less convenient than the simple 
CrAcac2 reduction method, but is proven for very air-sensitive 
compounds (e.g. CrDpn^). The final product was air-stable, even 
though oxygen had been rigorously excluded during the experiment.
G.c. analysis of the filtered reaction mixture showed that no 
reaction had taken place which involved oxidation of a chromium(ll) 
complex by the solvents.
The second reason is unlikely since it is generally thought 
(52) that the size of the metal ion is not critical in the range 
0.53 - 0.97 A (cf. h.s. Cr(ll) = 0.82 A). Further, the chromium(lll) 
complex of Salen is stable and easy to make (h.s. Cr(lll) = 0.62 A). 
However, the possibility was tested by the attempted synthesis of 
CrSalmeam2 , in which the effect of the metal ion size in formation 
of a stable complex would be expected to be negligible. Again, 
although oxygen was rigorously during the reaction, the product was 
air-stable, showing that hole size was not the deciding factor in 
the failure of the earlier experiments.
At this stage, attention was turned to the complexes of 
chromium(ll) with salicylaldehyde itself, in the hope that a simpler 
ligand system might afford some results. The results of the experi­
ments (Chapter 4) indicated that both aldehyde and azomethine groups 
are liable to reduction by chromium(ll) salts and that in the
attempted preparation of CrSalen, the ligand was being reduced, 
with concomitant oxidation of the chromium(Il).
A reaction scheme consistent with these results, and taking 
into account the results of the Lassaigne test mentioned earlier, 
is as follows:
CrAcac£ + CICrSalen ----- > ClCrAcac2 + CrSalen
excess reacts with into solution
pyridine to give ,
CrAcao2 .2py in the immediately undergoes
, 7 auto-redox to give a
Pr° U° ' ^ ^  Cr(III) product (exact
nature unknown)
Product a mixture of these
Little more can be deduced from this work without extensive and 
detailed further investigation, but it is clear that chromium(ll) 
complexes with salicylaldimines cannot be isolated.
Several further points are worthy of note. Coggon et al., in 
their published method for the synthesis of CICrSalen (63), specify 
mixing the solutions of chromium(ll) salt and ligand and allowing 
aerial oxidation to generate the product. However, in the present 
work, it was found that an exactly similar product was formed when 
air was rigorously excluded for the whole of the experiment. This 
bears out the hypothesis above, and confirms the results found in 
section 4.2.2, which indicated that when a source of readily-avail- 
able protons is present, the chromium(lll) product forms by a more 
direct route, without reduction of the ligand.
It would be expected that chromiura(ll) would form no complexes 
with any ligands containing an aldehydic or azomethine proton (or 
indeed any other easily-reducible group), and indeed a literature 
search has failed to uncover any reports of such compounds, with 
the exception of a series of reports (58) of chromium(Il) complexes 
of furfuraldimines. However, the authors make no mention of any 
precautions taken due to the air-sensitivity of the compounds, and 
in addition used chromium(Il) nitrate in the preparations (hitherto 
unknown).
It would also be expected that no such compounds would exist
where the metal ion has a redox potential greater than or equal to 
that of the Cr3+YCr2+ couple, and again a literature search has 
borne this out. Although the synthesis of TiSalen has been reported, 
no details have yet been published, so a detailed appraisal of the 
work is not possible (note: E^(Ti3+/Ti2+) = -2.0 V; cf. E'e'(Cr3+ /Cr2+= 
-0.41 V (1)) (65).
Analogous to the earlier discussion (Chapter 4), it is clear 
that chromium(ll) complexes of Schiff bases can be formed when, and 
only when, easy reduction of the azomethine group is prevented.
The most convenient expedient is to use the corresponding ketimine 
compounds as ligands: thus, instead of the salicylaldimines, to 
use the salicylketimines (XXI) derived from 2-hydroxyacetophenone, or 
the S-ketoamines described earlier.
5.3 Chromium(II) Complexes of $-Ketoamines
5.3.1 Introduction
Chromium(ll) complexes of the B-ketoamines derived from 
acetylacetone (XXII) have been hitherto unknown. It was thought
R Abbreviation
H tC
XXII
-H AcacamH
-ch3 AcacmeamH
-c2h 5 AcacetamH
-n-C3H 7 AcacpramH
-i-C3H 7 AcacipramH
-n-C^Hg AcacbuamH
-i-Ci+Hg AcacibuamH
-s-C^Hg AcacsbuamH
”c 6h 5 AcacphamH
-ch2ch2oh AcacetOHamH
-ch2ch2- AcacenH2
-ch2ch2ch2- AcactrimenH2
-o-CgHij. - AcacphenH2
that by judicial choice of the residue R the steric bulk of the 
ligand could be manipulated to give tetrahedral-coordinate species 
- hitherto unknown in chromium(ll) chemistry. Work has been pub­
lished on some complexes of chromium(ll) with the related benzoyl­
acetone Schiff bases (55), but as has been stated before (section 
5.1), steric effects are sometimes critical in the eventual struc­
tures adopted by Schiff base complexes.
5.3.2 Experimental
Preparations of Ligands
All the ligands were prepared by the condensation of the 
appropriate amine (in 2-fold molar excess) with acetylacetone, 
generally in the presence of a dehydrating agent. All the products
were purified by distillation under reduced pressure, or by recryst- 
allisation. Yields were generally in excess of 70% of theoretical. 
Purity of the products was checked by ir spectroscopy; no further 
characterisation was carried out. Each ligand was used as soon as 
possible after isolation, since they all slowly hydrolyse in air.
Preparation of 4-Aminopent-3-ene-2-one
AcacamH was prepared by a slight variation of the above 
method. Ammonia (from a cylinder) was bubbled through acetylacetone 
(3.0 g, 30 mmol) dissolved in ethanol (10 ml), giving a white cryst­
alline precipitate of the ammonia adduct, (CHgCOC^COCHg)!!^ (66). 
The mixture was heated to reflux in an atmosphere of ammonia, giving 
a pale straw-coloured solution. When all the adduct had dissolved, 
(ca. % hour), the flask was stoppered, transferred to a dry, pre­
purged vacuum distillation apparatus, and the mixture distilled 
under reduced pressure with a bleed of dry nitrogen. The colourless 
fraction coming over at 57°/0.4 torr was collected: this fraction 
quickly solidified to colourless cubic crystals on cooling. The 
apparatus was taken to atmospheric pressure with dry nitrogen and 
the collection flask was stoppered immediately on removal from the 
apparatus. The product was used immediately in the synthesis of 
the chromium(ll) complex.
These precautions had to be taken since AcacamH is reported as 
being extremely deliquescent (6 6).
Preparation of N-Methyl-4-aminopent-3-ene-2-one
In the preparation of Schiff bases of gaseous amines, the 
general method was modified such that the amine hydrochloride was 
used in place of the free amine.
Methylammonium chloride (8.95 g, 133 mmol) was dissolved in 
ethanol (20 ml) and acetylacetone (8.85 g, 88.4 mmol) was added. 
Sodium hydroxide was added (5.30 g, 133 mmol) to remove the acid 
generated, and the mixture was taken to reflux. After ca. 1 hour 
the mixture was filtered to remove the sodium chloride, dried over 
anhydrous calcium sulphate, and distilled under reduced pressure.
The colourless fraction boiling at 46°/0.3 torr was collected.
This solidified on cooling to a mass of colourless cubic crystals, 
m.pt. 40-42°C
Preparation of N-Ethyl-4-aminopent-3-ene-2-one
AcacetamH was prepared by a method identical to that used 
for AcacmeamH. The colourless fraction boiling at 64°/0.4 torr 
was collected. This remained liquid at room temperature. (Lit. 
b.pt. 215°/760 torr (67))
Preparation of N - (n-Propyl)-4-aminopent-3-ene-2-one
n-Propylamine (6.28 g, 106 mmol) was added slowly to a 
solution of acetylacetone (7.09 g, 71 mmol) in ethanol (20 ml).
The mixture was heated to reflux, in the presence of anhydrous 
calcium sulphate, for 1 hour. The pale yellow reaction mix was 
filtered, the ethanol removed on the rotary evaporator, and the 
resulting pale yellow oil fractionally distilled under reduced 
pressure. The colourless fraction boiling at 69°/0.4 torr was 
collected .
Preparation of N- (i-Propyl)-4-aminopent-3-ene-2-one
AcacipramH was prepared in an atmosphere of dry nitrogen on 
the nitrogen line, since it was found that a crystalline inter­
mediate was formed which was very deliquescent.
Isopropylamine (6.28 g, 106 mmol) was added to a solution of 
acetylacetone (7.09 g, 71 mmol) in ether (50 ml) and taken to 
reflux for 1 hour in the presence of anhydrous calcium sulphate.
The mixture was filtered while hot: on cooling, a mass of colour­
less crystals separated out. These were filtered off, and with 
the filtration unit inverted, melted with a hot-air blower such 
that the liquid ran into a reduced-pressure distillation flask.
The melt was distilled under reduced pressure, with a bleed of dry 
nitrogen, and the colourless fraction boiling at 66°/0 .4 torr was 
collected. This did not solidify when cold.
It is probable that the crystalline intermediate was the amine 
adduct of acetylacetone (cf. the preparation of AcacamH).
Preparation of N - (n-Butyl)-4-aminopent-3-ene-2-one
AcacbuamH was prepared by a method identical to that used for 
AcacpramH. The colourless fraction boiling at 77°/0.4 torr was 
collected.
Preparation of N- (i-Butyl)-4-aminopent-3-ene-2-one
AcacibuamH was prepared by a method identical to that used for 
AcacpramH. The colourless fraction boiling at 68°/0.4 torr was 
collected.
Preparation of N- (s-Butyl)-4-aminopent-3-ene-2-one
AcacsbuamH was prepared by a method identical to that used for 
AcacpramH. The colourless fraction boiling at 66°/0.5 torr was 
collected.
Attempted Preparation of N- (t-Butyl)-4-aminopent-3-ene-2-one
Preparation of AcactbuamH was attempted by the method used for 
AcacipramH, since this,too, appeared to form a crystalline inter­
mediate. However, no product was isolable (note that AcactbuamH has 
not previously been reported (54)).
Preparation of H-Phenyl-4-aminopent-3-ene-2-one
Aniline (9.57 g, 103 mmol) was added to a solution of acetyl­
acetone .(8.57 g, 85.6 mmol) in ethanol (40 ml). The mixture was 
taken to reflux in the presence of anhydrous calcium sulphate, 
filtered, and the solvent removed on the rotary evaporator. The 
resulting oil solidified on cooling, and the product was recryst­
allised from dry petroleum ether (80-100°C), forming colourless 
leaves, m.pt. 49°C (lit. 48°C (48)).
Preparation of N,N’-Ethane-1,2-bis(4-aminopent-3-ene-2-one)
AcacenH2 was prepared by a method identical to that used for 
AcacphamH. The product was recrystallised twice from dry carbon 
tetrachloride as almost-colourless plates, m.pt. 111°C (lit. 113°C 
(68)).
Preparation of N,N'-Propane-1,2-bis(4-aminopent-3-ene-2-one)
AcactrimenH2 was prepared by a method identical to that used 
for AcacphamH. The product was recrystallised from dry diethyl 
ether as colourless fine needles. The solid was not observably 
hygroscopic (cf. 6 8).
Attempted Preparation of NN'- (Phenylene)-1f2-bis(4-ami nopent-3- 
ene-2-one)
Preparation of AcacphenH was attempted by the method of 
Kudryavtsev and Savich (69). Acetylacetone (10 g, 100 mmol) 
dissolved in aqueous ethanol (25 ml ethanol, 15 ml water) was 
dripped into a hot solution of o-phenylene diamine (5.5 g, 51 mmol) 
in water (30 ml). The mixture was heated under reflux for 2 hours, 
then cooled in the refrigerator. After several hours, a mass of 
colourless crystals separated out and were filtered off at the 
pump. However, elemental analysis showed that oxygen was absent, 
and the mass 'spectrum indicated that the product was 2-me thy1- 
benzimidazole. This was confirmed by m.pt.: found, 176°C; lit. for
2-methylbenzimidazole, 176°C (70). The preparation was not repeated.
Preparation of N - (2-Hydroxyethyl)-4-aminopent-3-ene-2-one
AcacetOHamH was prepared by a method identical to that used 
for AcacphamH. The product was recrystallised from dry. diethyl 
ether as colourless needles, m.pt. 71-73°C (lit. 73°C (71).
Preparations of Chromium(II) Complexes
For each complex, the non-aqueous method described earlier 
(section 3.2.2) was used. Only the preparation of CrAcacmeam2 
will be described in full: the other preparations were identical, 
except where stated.
Preparation of CrAcacmeam2
AcacmeamH (3.62 g, 32 mmol) was dissolved in dry, distilled, 
oxygen-free THF (ca. 50 ml) in the apparatus described earlier 
(Fig.2.7) and cooled to ca. -30°C with a dry ice/acetone bath. 
Butyl-lithium (20.5 ml of a 1.56M solution in hexane, 32 mmol) was 
added dropwise with vigorous stirring, keeping the temperature 
below -20°C. When the addition was complete, anhydrous chromium(Il) 
acetate (2.72 g, 16 mmol) was added from the breaking tube, and the 
mixture was allowed to warm to room temperature, with stirring.
Two hours after the addition of the acetate, the mixture was deep 
red-brown.
After stirring overnight, the THF was removed under vacuum and
and the product was extracted from the dried mass with hot, dry 
oxygen-free toluene. The slurry was filtered and the filtrate was 
cooled in ice, giving a copious purple-red micro-crystalline precip­
itate. After standing in the ice-bath for several hours, the
product was filtered off using the apparatus shown in Fig.2.8, and 
dried under vacuum for several hours until the crystals were no 
longer sticky.
On oxidation, the product quickly turned dark grey-brown, 
retaining its crystalline appearance. Solutions were extremely 
air-sensitive, turning green-brown immediately on exposure to the 
air.
The product was characterised by magnetic measurements, 
reflectance spectrum, microanalysis and metal analysis.
Analysis: Calc, for Ci2H 2oCrN202: C,52.2; H,7.3; N,10.1; Cr,18.8 %
Found: C,52.0; H,7.3; N,9.9; Cr,18.0 %
Preparation of CrAcacani2
Although the toluene extract was extremely air-sensitive, no 
solid could be isolated, and the experiment was not repeated (cf.
55, in which it is reported that the analogous complex CrBzacam2 
likewise could not be isolated pure).
Preparation of CrAcacetam2
The product crystallised as a purple-red micro-crystalline 
powder.
Analysis: Calc, for Cii+H 2i+CrN202 : C,55.3; H,8.0; N,9.2; Cr,17.1 %
Found: C,55.4; H,8.3; N,8.7; Cr,16.4 %
Preparation of CrAcacpram2
The product crystallised as large deep-red prisms.
Analysis: Calc, for Ci0H 28CrN2O2 : C,57.8; H,8.5; N,8.4; Cr,15.7 %
Found: C,57.3; H,8 .8 ; N,8.2; Cr,15.7 %
Preparation of CrAcacipram2
The product crystallised as deep red-brown needles.
Analysis: Calc, for Cj6H2QCrN202 : C,57.8; H,8.5; N,8.4; Cr,15.7 %
Found: C,56.8; H,8 .8 ; N,8.3; Cr,15.5 %
Preparation of CrAcacbuam^
The product crystallised as large brown-red prisms.
Analysis: Calc, for Ci8H 32CrN2° 2 : C,60.0; H,9.0; N,7.8; Cr,14.4 %
Found: C,59.6; H,9.4; N,7.6; Cr,13.5 %
Preparation of CrAcacibuam2
The product was crystallised by reducing the volume of the 
toluene extract to ca. 5 ml, and adding 15 ml dry, deoxygenated 
diethyl ether. The product separated out as a deep red micro­
crystalline powder.
Analysis: Caic. for C^8^32^r^2^2: C>60.0; H,9.0; N,7.8; Cr,14.4 %
Found: C,59.3; H,9.6; N,7.6; Cr,14.4 %
Preparation of CrAcacsbuam2
Although the deep red-brown toluene extract was very air- 
sensitive, no crystalline solid could be isolated from it.
Preparation of CrAcacpham2
The product crystallised in very good yield as deep brown-red 
cubes.
Analysis: Calc, for C22H2t+CrN202: C,66.0; H,6.0; N,7.0; Cr,13.0 %
Found: C,65.3; H,6.3; N,6.8; Cr,13.5 %
Preparation of CrAcacen
The ruby-red product was crystallised in good yield by reducing 
the volume of the toluene extract to ca.5 ml and adding 20 ml dry, 
deoxygenated petroleum ether (80-100°C).
Analysis: Calc, for Ci2H18CrN202 : C,52.6; H,6.6; N,10.2; Cr,19.0 %
Found: C,52.3; H,6.6; N,10.1; Cr,19.2 %
Preparation of CrAcactrimen
The toluene extract was the expected deep red colour, and was 
very air-sensitive, but no product could be isolated. Nevertheless, 
the transmittance electronic spectrum of the solution was recorded.
Preparation of CrAcacetOam
This preparation was done using double the normal quantities 
of reagents. Although the toluene extract was purple-brown and no 
colour change was obvious on exposure of a sample to the air, it was
found that a product crystallised when the extract was reduced to 
small volume. The product was a greyish microcrystalline powder, 
charring on exposure to the air.
Analysis: Calc, for C7H n C r N 0 2: C,43.5; H,5.7; N,7.3; Cr,26.9 %
Found: C,43.9; H,5.7; N,6.2; Cr,22.4 %
All the chromium(ll)-8-ketoamine complexes were air-sensitive 
to varying degrees, but only CrAcacetOam was as air-sensitive as 
CrAcac2: the others oxidised only relatively slowly, over a matter 
of minutes, to green-brown solids. The solutions of all the com­
plexes were extremely air-sensitive.
5.3.3 Results and Discussion
The reflectance electronic spectra were recorded over the 
range 5 000 - 40 000 c m -*: only the range 11 700 - 40 000 cm1 is 
reproduced here (Figs.5.2 to 5.13) since no bands assignable to d-d 
transitions were seen in the near ir range. Magnetic measurements 
down to liquid nitrogen temperatures were carried out on all the 
complexes: data are recorded in Figs.5.14 to 5.22.
The results for the complexes with the bidentate ligands, the 
com plex with the tridentate ligand AcacetOHamH, and the complexes 
with the tetradentate ligands are, for convenience, discussed here 
separately.
5.3.3.1 Complexes with Bidentate &-Ketoamines
Electronic Spectra
All of the bands shown in the spectra are considered to be due 
to charge transfer or ligand absorptions, since the intensities are 
generally too high for d-d absorption bands.
The spectra are very similar in overall form to those of CrAcac2 
and CrDpm2 , with little or no absorption in the 10 000 - 15 000 c m -1 
range. This indicates a generally square planar structure (since 
CrAcac2 and CrDpm2 have been shown (32,41) to have square planar 
structures).
Examining the spectra as a series, and comparing with the
spectrum of CrAcac2, one overriding feature is seen. On increasing 
the size of the N-substituent R, a large, broad band is shifted 
increasingly to lower frequencies. Thus in the spectrum of 
CrAcacmeam2 (Fig.5.2), the absorbance falls steadily to zero below 
about 20 000 cm-1, whereas in that of CrAcacbuam2 (Fig.5.7), this 
steady fall to zero is not seen until about 15 000 cm-1. This band 
is too intense to be assignable to a d-d transition, and so is 
probably due to a metal-to-ligand charge transfer transition. As 
the size of the R group increases from methyl to butyl, the 
increasing +1 effect of R would be expected to increase the strength 
of the N-Cr dative bond. This in turn will facilitate the promotion 
of an electron from the metal orbitals to the ligand orbitals, and 
the associated spectral band will shift to lower frequencies. Thus 
it would be expected that replacement of the alkyl group with a 
phenyl residue (as in CrAcacpham2) would shift the band to higher 
frequencies, since the phenyl group has a -I effect relative to the 
proton. This is indeed the case: in the spectrum of CrAcacpham2 
(Fig.5.10), the absorbance falls away rapidly below 20 000 c m -1, more 
so than in the spectrum of CrAcacmeam2, indicating that the metal- 
to-ligand CT band has moved under the high-frequency multiplet.
Due to the extreme air-sensitivity of solutions of these com­
plexes, it was found impossible to record accurate solution spectra 
without traces of oxidation, but it can be seen from the high e 
values that the absorptions are not due to d-d transitions (Figs.5.6 , 
5.8, 5.12). Further, the postulation of the metal-to-ligand CT 
band is borne out by the dramatic fall in absorbance of the solutions 
at ca .20 000 c m -1 on oxidation.
Comparison of the spectra of CrAcacbuam2 (Fig.5.7) and 
CrAcacibuam2 (Fig.5.9) shows that the structures of these complexes 
are more-or-less identical. Likewise, the structures of CrAcacpram2 
and CrAcacipram2 (spectra, Figs.5.4 and 5.5) are clearly very 
similar. This is surprising, since in the corresponding series of 
nickel(ll) complexes (54) the introduction of an a-branched alkyl 
group as R caused a change in structure from square planar to tetra­
hedral. Thus NiAcacipram2 was found to be almost 100% tetrahedral 
in the solid state. The solution spectrum of CrAcacipram2 quite 
clearly shows, by contrast, that the planar structure evident from
the reflectance spectrum persists even in solution. This difference 
between nickel(II) and chromium(ll) underlines more definitely the 
extreme unwillingness of chromium(ll) to adopt a tetrahedral struc­
ture. Why this should be so, in the face of what would appear to 
be very strong stereochemical constraints, is a question that would 
bear further study.
It is evident from consideration of the steric bulk of the 
ligands and their substituents R that some form of distortion from 
pure square planar geometry must be present, to relieve the steric 
strain. The work on the compounds containing a- or $-branched R 
groups has shown that torsional distortion is either minimal or 
absent, so, since the 0-ketoamine skeleton is known (45) to retain 
its planar structure in complexes, distortion to relieve steric 
strain must involve stepping, as in the palladium(ll) salicylaldimine 
complexes (51). Confirmation of these speculations was sought in 
single-crystal X-ray diffraction studies of CrAcacbuam2 and CrAcacen 
(results reported in sections 5.3.3.4, 5.3.3.5).
Magnetic Measurements
A summary of the magnetic data shows clearly the trends as the 
size of the R group is increased:
Complex R y2 9 3 (B.M.) Pgg (B.M.) 0
CrAcacmeam2 -ch3 4.26 2.99 126
CrAcacetam2 -C2h 5 4.49 3.16 147
CrAcacpram2 -C3H 7 4.50 3.83 42
CrAcacipram2 -ch(ch3 ) 2 4.69 4.31 24
CrAcacbuam2 -CqHg 4.31 3.99 23
CrAcacibuam2 -ch2 ch(ch3)2 4.54 3.96 41
CrAcacpham2 “C6H 5 4.65 4.62 1
The complexes all contain chromium(ll) and adopt the high spin con­
figuration at room temperature, and they all (save CrAcacphan^) 
show significant deviation from ideal Curie-Weiss Law behaviour.
This deviation from ideal behaviour could arise in two ways: from 
strong intermolecular interaction giving rise'<to significantly anti­
ferromagnetic character; or from the existence of a temperature- 
dependent spin state equilibrium. Though these two are not mutually
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Fig.5.14 Magnetic Measurements on CrAcacmeam2
Data:
Diamagnetic Correction = -123.7 x 10"6 mol-1
T (K) xm x l0 3  1/ Xa ue f f  (B.M.)
290.1 7.7012 127.80 4.260
262.5 8.2441 119.51 4.191
230.3 ' 9.0283 109.27 4.106
198.8 9.8929 99.83 3.990
166.5 10.6771 92.58 3.792
135.8 11.3809 86.92 3.535
104.2 12.1048 81.78 3.192
90.3 12.2455 80.85 2.989
Results: y293 = 4.26 B.M. u90 = 2.99 B.M. e = 126°
r 4.4
1/x
50-
100 300200
T (K)
Fig.5.15 Magnetic Measurements on CrAcacetam2
Data:
Diamagnetic Correction = -147.4 x 10"6 mol'1
T ( K) Xm x 1 0 3  1/XA Pe f f ( B . M. )
291.6 8.4994 115.63 4.490
262.6 9.0924 108.23 4.405
230.2 _ 9.9050 99.48 4.302
198.5 10.8275 91.12 4.174
166.6 11.8158 83.59 3.992
136.0 12.8260 77.08 3.756
104.3 13.2653 74.56 3.345
90.4 13.6387 72.54 3.157
Results: y293 = 4.49 B.M. y90 = 3.16 B.M. e = 147°
-4.2100 “
1/x -3.8
-3.6
“3.4
-3.2
3.0
0 100 300200
T (K)
ye f f
(B.M.)
Fig.5.16 Magnetic Measurements on CrAcacpram2
Data:
Diamagnetic Correction = -171.1 x 10~6 mol-1
T (K) X x 103 
Am 1/xA e ff (B.M.)
292.2 8.4858 115.52 4.498
261.8 9.4912 103.50 4.498
230.1 - 10.5100 93.62 4.433
198.3 11.9713 82.36 4.388
166.5 13.6336 72.44 4.287
135.6 15.9795 61.92 4.185
104.0 18.8081 52.69 3.973
89.8 20.2559 48.95 3.830
Results: v*293 = 4.50 B.M. vigo = 3.83 B.M. 0 = 42°
100
1/xA
i
100
T (K)
200
- 4 .4
"4 .0 ye f f
(B.M.)
300
Fig.5.17 Magnetic Measurements on CrAcacipram2
Data:
Diamagneti c Correction = -171 .1 x 10"6 mol 1
T (K) xm x 103 m 1/xA V f  <B-M
293.5 9.1371 107.43 4.674
262.5 10.3045 95.46 4.690
229.6 11.6291 84.74 4.655
201.2 12.9312 76.32 4.592
165.1 15.5578 63.58 4.557
133.4 18.8579 52.55 4.506
101.3 23.6398 42.00 4.392
87.5 26.4011 37.63 4.312
Results: y293 = 4.69 B.M. yg o = 4.31 B.M. 0 = 24°
r 4.7
100 -
4.3
50 -
3000 100 200
e f f
T (K)
Fig.5.18 Magnetic Measurements on CrAcacbuam2
Data:
Diamagnetic Correction = -194.8 x 10-6 mol-1
T (K)
287.5
282.7
262.7
230.4
198.3
166.3
135.5
103.7 
89.8
Xm x 103 m
8.3231
8.1331
8.5994
9.7736
11.2931
13.1581
15.8518
19.6680
22.0164
1/XA
117.40
120.08
113.71
100.32
87.05
74.89
62.32
50.35
45.02
eff (B.M.)
4.426
4.339
4.298
4.286
4.268
4.214
4.170
4.059
3.994
Results: y293 = 4.31 B.M. y90 = 3.99 B.M. 0 = 23'
TOO"
Vx,
50
100 20cT
T (K)
4.6
- 4.4
- 4.2 
4.0
*“ 3.8
300
ye ff
(B.M.)
Fig.5.19 Magnetic Measurements on CrAcacibuam2
Data:
Diamagneti c Correction = -194 .8 x 10'6 mol -1
T (K) xm x A 1/XA ye ff
295.7 8.5438 114.43 4.546
261.4 9.4749 103.42 4.496
228.9 10.6955 91.83 4.465
196.9 12.1551 80.97 4.410
164.9 14.1054 69.93 4.343
131.2 16.6346 59.42 4.202
104.0 19.8055 50.00 4.079
90.0 21.5545 45.97 3.957
Results: U293 = 4.54 B.M.- y90 = 3.96 B.M.
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Fig.5.20 Magnetic Measurements on CrAcacpham2
Data:
Diamagnetic Correction = -165.3 x 10~6 mol-1
T (K) Xm x 103 Am V x A e ff (B.M.)
290.5 9.1056 107.86 4.641
262.7 10.0771 97.63 4.639
230.4 11.1515 85.62 4.639
198.5 13.3541 73.97 4.633
166.0 15.9057 62.22 4.619
135.1 19.7915 50.11 4.644
102.6 25.7367 38.61 4.610
88.0 30.0370 33.11 4.610
Results: y2g3 = 4.65 B.M. yg0 = 4.62 B.M. 0 = 1
r 4.8
CK> '4 .6
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Fig.5.21 Magnetic Measurements on CrAcacetOam
Data:
Diamagnetic Correction = -75.37 x 10-6 mol-1
T m  Xm X 103 1/xa yeff (B.M.)
289.3 5.0575 194.82 3.446
262.8 5.3212 185.30 3.368
230.7 - 5.7921 170.43 3.290
202.4 6.1971 159.43 3.186
166.6 6.8375 144.66 3.035
135.7 7.4026 133.73 2.849
104.3 8.2314 120.38 2.632
90.2 8.5798 115.54 2.499
Results: y293 = 3.42 B.M. y90 = 2.50 B.M. e = 183°
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Fig.5.22 Magnetic Measurements on CrAcacen
Data:
Diamagnetic Correction = -117.8 x 10'6 mol-1
T (K) xm x 103 Am 1 / X i e ff (B.M.)
293.0
290.7
262.7
230.4
198.5
166.7
135.8
131.5 
104.2
91.7
9.0314
9.3376
10.1221
11.0214
12.7818
14.5421
16.8000
16.9339
19.1535
20.4164
109.30
105.76
97.66
89.77
77.52
68.21
59.11
58.65
51.89
48.70
4.630
4.689
4.638
4.531
4.525
4.421
4.286
4.235
4.007
3.881
Results: y293 = 4.66 B.M. y90 = 3.88 B.M. e = 50'
r4.8
4 .4100 -
-4.2
0 100 200 300
T (K)
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exclusive, they each give rise to certain characteristic features, 
and as such will be discussed separately in terms of the available 
experimental evidence.
Antiferromagnetism is well documented in chromium(Il) chemistry 
and since intermolecular interaction appears to be a characteristic 
feature of square planar Schiff base complexes (45), it would be 
expected that chromium(ll)-Schiff base complexes would show anti­
ferromagnetic behaviour. Bearing in mind the postulation earlier 
of a stepped structure for these complexes, this would explain the 
trend observed in the values of 0 and the difference between 1*29 3 
and 1*9 0> since it would be expected that the compounds with small 
R groups would have a smaller step distance, and thus show a greater 
degree of antiferromagnetic interaction, than the compounds with 
bulkier R groups.
Against this, though, must be set the point that the change 
in magnetic moment of the methyl and ethyl compounds on cooling to 
liquid nitrogen temperature is rather larger than would be expected 
in pure antiferromagnetic interaction. In fact, these compounds 
show similar behaviour, on cooling, to CrAcacetOam, which is thought 
to have a dimeric structure. This would imply for CrAcacmeam2 and 
CrAcacetam2 a strong intermolecular interaction akin to dimerisation, 
whereas the preliminary X-ray diffraction results (72) indicate 
minimal or non-existent interaction. In addition, the X-ray results 
for CrAcacbuam2 indicate that step formation in these compounds is 
only very slight (section 5.3.3.4) which removes the most plausible 
mechanism for the observed trends.
A more plausible explanation, certainly for the lower members
of the series, is the existence of a spin-state equilibrium, such
that at liquid nitrogen temperature a large proportion of the
molecules are in the low-spin state (l.s. d1* ion has i* = 2.83 B.M.)
so
and that the population of the low-spin state decreases progressively
as the temperature rises, until at room temperature, the majority
of the molecules are in the high-spin state (h.s. d4 ion has
y = 4.90 B.M.). 
so
The phenomenon of spin isomerism is well documented (e.g. 73-75) 
but has not yet been reported in complexes of divalent transition
metals with Schiff bases, nor in chromium(ll) complexes. Patel's 
work (2a) on the series of complexes CrLX2, CrL2X2 , and CrL3X2 
(L = bipyridyl or 1,10-phenanthroline; X = Cl,Br,I) showed that 
N-donor ligands such as phen or bipy which possess an extended 
delocalised n-electron system can strongly influence the spin-state 
of the chromium atom: when only one ligand molecule was coordinated 
per chromium atom, the complexes contained h.s. chromium(ll) (and 
showed antiferromagnetic interaction), whereas when two or more 
ligand molecules were coordinated per chromium atom, the l.s. 
configuration was adopted. Thus it would be expected that the 3“ 
ketoamine ligands, which similarly possess a delocalised extended 
tt-electron system, would also affect the spin-state of the chromium 
atom, and, since oxygen is a weaker donor atom than nitrogen, it 
might be anticipated that two molecules of $-ketoamine per chromium 
atom would be required before spin isomerism could be seen (in this 
connection, it would be of interest to study the magnetic properties 
of the (as yet) hypothetical compounds [Cr(AcacR)]+ and 
Cr(AcacR)2AcacRH, with respectively one and three coordinated 
$-ketoamine molecules per chromium atom) .
The assumption of the existence of a temperature-dependent 
spin-state equilibrium in the chromium(ll)-B-ketoamine complexes 
provides two plausible mechanisms for the observed variation of the 
magnetic properties with the size of R:
If it is assumed that weak intermolecular interaction takes 
place in these compounds via donor atom - chromium interaction (as 
in the 3-form of CuSalmeam^ (46)), then a situation can be envisaged 
in which, on increasing the size of the group R from methyl (in 
CrAcacmeam2) to butyl (in CrAcacbuam2), the chromium atom goes from 
being largely 6-coordinate in character to much more 4-coordinate 
in character, due to the greater steric interference from the 
alkyl group R. The ligand field around the chromium atom thus 
decreases in strength as the size of the R group increases: this 
would be expected to decrease the likelihood of spin-pairing 
occurring, and would give rise to the trends observed in the experi­
mental data. This hypothesis is supported by the work on the 
pyridine adducts of the complexes (section 5.5.3) which shows that 
on coordination of two molecules of pyridine (thus increasing'the 
ligand field strength), the chromium atom adopts the lowrspin
configuration even at room temperature.
It is a well documented fact (e.g. 2a,74) that the prime cause 
of spin-isomerism in metal complexes is coordination of ligands of 
strong 7T-character, such as phen or bipy. The $-ketoamines appear 
to have a degree of ir-character close to that critical value required 
for the presence of spin-isomerism in the chromium(ll) complexes: it 
would be anticipated, then, that small variations in the 7r-character 
of the ligand (such as might be induced by judicial variation of the 
group R) might give rise to significant changes in the spin-state 
behaviour in the corresponding complexes. This relationship has 
already been -shown for the iron(ll)-(substituted phen) complexes (75). 
It would be expected that increasing the size of the alkyl group R 
would increase the electron density of the coordinated ligand due 
to the increasing +1 effect, but that replacement by a phenyl group 
would decrease the electron density due to its -I effect. This is 
in accordance with the experimental data: the gradual decrease in 
the difference between P293 anc* ygoon increasing the size of the 
group R from methyl to butyl; and the normal h.s. behaviour of the 
complex CrAcacpham2 . It should be noted in addition that the com­
plex CrHappram2 (section 5.4) shows evidence of a higher degree of 
spin-pairing than its B-ketoamine analogue: this is to be expected, 
on the above hypothesis, since the fusion of a phenyl ring into the 
chelate ring itself would significantly increase the TT-character of 
the ligand.
It should be added that the two mechanisms —  that of the steric 
interference causing a decrease in the ligand field around the 
chromium atom, and that of the variation in degree of 7T-character 
of the ligand as R is varied —  need not be mutually exclusive: it 
may well be that both mechanisms operate and reinforce the effect 
of each other.
Spin-state equilibria are characterised by an increasing
stability of the l.s. form as the temperature is lowered, but the
shapes of the l/x.:T and y curves (reflecting the position of
A err
the equilibrium at the various temperatures) vary in a seemingly 
random way with such factors as number, size and position of any 
substituents on the ligands, and the presence and type of any 
counter-ions (74). In general, though, typical shapes of the curves
are shown below:
/
hs value
Is values
l /xeff
hs values-1s value
T T
In particular, the "levelling-off" of the H curve is diagnostic
of the presence of a spin-state equilibrium. However, careful exam­
ination of the experimentally-obtained curves in Figs.5.14-5.20
reveals no trace of such a levelling off in the y „,.:T data. This
eff
could be due to one of two reasons: that the postulation of spin- 
isomerism is incorrect; or that the chromium(ll) complexes do not 
change spin-state completely over the temperature range studied, 
i.e. that the experimental curves correspond to only a part of the 
"ideal" curves. For the experimental data to fit, the corresponding 
portions would have to be as shown:
1/Xeff
T T
  "Ideal" curves
l 1 Experimental curves
  Line used to calculate e
Compounds which have magnetic data corresponding to only a part of
the ideal l/x.-T and y ..,.:T curves are well known (note particularly 
A err
the work of Cambi and Szego reported in ref.73). However, exam­
ination of the curve for CrAcacmeam2 shows that the levelling
off part of the curve will have to be rather abrupt: this may be an 
indication of the presence of antiferromagnetic interaction in 
addition to spin-isomerism, taking the magnetic moment at low temp­
eratures below the spin-only value for l.s. d4 ion.
Since the available magnetic data cannot be considered to be 
conclusive evidence of spin isomerism, other experimental evidence 
would have to be sought. Further investigation might include 
magnetic measurements down to liquid helium temperature (using the 
Faraday method) to see how the curve for CrAcacmeam2i con­
tinues; esr measurements at high and low temperatures; ir spectro­
scopy at high and low temperatures (since the change from h.s. to 
l.s. would be expected to affect the metal-donor atom bond lengths 
(75)); and electronic spectral measurements at high and low temper­
atures .
As explanations of the observed magnetic behaviour, antiferro­
magnetism and spin isomerism need not be mutually exclusive: it is 
quite conceivable that both effects are present in these compounds, 
and that their effects reinforce one another. Further study of 
these compounds, particularly with respect to testing the spin- 
isomerism hypothesis, would clearly be of great interest.
5.3.3.2 CrAcacetOam
AcacetOHamH is a dibasic, potentially tridentate ligand. The 
analytical data for the chromium(ll) complex indicate a 1:1 Cr:ligand 
molar composition, and since there is no evidence of the presence of 
a second ligand to occupy the fourth coordination site, a dimeric 
structure must be postulated. It is not clear from the spectral and 
magnetic data alone whether the compound contains chromium(ll) or 
chromium(lll) (Figs.5.11,5.21) but the air-sensitivity of the complex 
indicates that chromium(Il) is indeed present.
The low magnetic moment and high 0 value (magnetic data are
summarised below) support the postulation of a dimeric structure,
CrAcacetOam: ^293 = 3.42 B.M.; ygg = 2.50 B.M.; 0 = 183°.
by confirming the presence of strong metal-metal interaction, but 
little more can be deduced with certainty due to the poor chromium 
analysis. It would not be expected that spin-isomerism would be 
present in this complex, since only one chelate ring per chromium 
atom would not be expected to give rise to a strong enough ligand 
field. In the light of the proposed dimeric structure, antiferro­
magnetic interaction can account for the observed magnetic behaviour.
5.3.3.3 Complexes with Tetradentate $-Ketoamines
Unlike the complexes with bidentate 3**ketoamines, the donor 
unit in complexes with tetradentate 3-ketoamines is constrained to 
adopt the cis-configuration. Further, the tetradentate ligands 
would be expected to be more rigid when coordinated, and the com­
plexes would be expected to be more nearly planar than the complexes 
with the bidentate ligands.
The spectrum of CrAcacen (Fig.5.12) is similar in overall shape 
to those of the other 3“ketoamine complexes, indicating a gross 
planar structure. However, it differs in some details from that of 
its closest bidentate 3~ketoamine analogue, CrAcacmeam2 (spectrum,
Fig.5.2), notably the shifting of the intense peak in the 20 000 cm”1 
region to ca. 32 000 cm-1. Since the compounds are almost identical, 
this difference must be attributed to the difference in configuration 
of the donor units. If, as has been suggested, the intense peak at 
20 000 cm-1 is due to a metal-to-ligand charge transfer transition, 
it would be expected that its position would be profoundly affected 
by the change from a trans to a cis configuration in the complexes, 
since in the former, n-bonding through the N atoms would be directed 
to the same chromium d-orbital, whereas in the latter, the N-atoms 
would be bonded through different d-orbitals. The mechanism of such 
an influence is not entirely clear, but it is predicted that a change 
in the position of the CT band would be seen. A possible analogy may 
be found in the trans effect seen in other square planar complexes (1).
The side-peak seen in the spectrum of CrAcacen at 19 500 cm-1 is 
presumably due to a d-d transition, though its precise assignment is 
not known. It corresponds to the peak reported at 18 500 cm”1 in 
the spectrum of CrBzacen (55). In the spectra of the bidentate 
{3 ~ke to amines, it is hidden under the intense CT band at 20 000 cm-1.
Although the complex CrAcactrimen could not be isolated, its 
solution spectrum (Fig.5.13) clearly shows that it is an authentic 
chromium(II) compound.
The magnetic data (Fig.5.22, summarised below) show that CrAcacen
CrAcacen: P293 = ^*66 B.M.; yg0 = 3.88 B.M.; 0 = 50°
is more like CrAcacpram2 in its behaviour, rather than its closest 
analogue CrAcacmeam2 . The reason for this is not entirely clear, but 
is probably due to the change in configuration of the donor unit. If 
the magnetic behaviour of CrAcacmeam2 is assumed to be due to spin- 
isomerism induced by the ir-character of the ligand, it would be 
expected that a change in configuration of the donor unit to cis would 
alter the degree to which spin-pairing occurs, since in the cis con­
figuration the ligand ir-orbitals will interact with different chromium 
d-orbitals (cf. the discussion (above) of the spectrum of CrAcacen).
The X-ray crystallographic study of CrAcacen (section 5.3.3.5) 
makes any explanation of the magnetic behaviour based on antiferro­
magnetic interaction very tenuous, since intermolecular interaction 
was found to be negligible. In addition, it casts doubt on Gerlach 
and Holm's explanation of the magnetic behaviour of CrBzacen as due 
to dimerisation (55)
5.3.3.4 Structure of CrAcacbuam2
The structures of CrAcacbuam2 and CrAcacen were determined by Dr. 
D.C.Povey, using single-crystal X-ray diffraction.
CrAcacbuam2 crystallises in the orthorhombic system, with a = 9.279, 
b = 13.045, c = 33.114 A, V = 4008 A 3, Z = 8, space group Pbca. A 
crystal of dimensions 0.2 x 0.2 x 0.5 mm parallel to a, b, and c was
selected and the intensities of 3100 symmetry-independent reflexions 
with (sin 0)/A < 0.56, were measured on an Enraf-Nonius CAD4 diffracto­
meter with graphite-monochromated Mo-Ka radiation and an u)-20 scan.
The structure (Figs.5.23, 5.24, 5.25) was determined by the heavy-atom 
method and refined to R = 5.3 % for 1823 observed reflections (72).
In plan (Fig.5.23), the structure shows the near-equivalence of 
of the chelate ring C—C bonds and hence the obligate planarity of the 
ring as a whole, and the delocalised ir-electron nature of the coor­
dinated ligand.
In the computer-drawn perspective views (Figs.5.24, 5.25) the 
essentially planar shape of the molecule can be clearly seen. Since 
the ligand AcacbuamH has one of the largest N-substituents of the 
ligands studied in this work, it would be expected that all the other 
chromium(ll) complexes studied here would similarly show near-100% 
planarity. The twist of one chelate ring relative to the other which 
can be seen in the Figures is of only a few degrees and can be con­
sidered to be hardly significant. It is clear that no "stepping" as 
such is present (as suggested in section 5.3.3.1) since the chelate 
rings are not quite coplanar nor parallel. This was unexpected, but 
X-ray study of the a-branched compound CrAcacipram2 may show that 
increasing steric bulk can lead to stepping in these compounds.
In determining the structure, no trace was seen of any inter­
molecular bonding (72) so the compound can be considered to be com­
pletely monomeric. This confirms the suggestion made earlier that 
antiferromagnetism alone cannot account for the observed magnetic 
properties of each complex. However, it was also suggested earlier 
that the decrease in extent of spin pairing as the size of the N- 
substituent is increased could be due to decreasing intermolecular 
interaction giving rise to weaker ligand fields around the chromium 
atom: although the X-ray results cast some doubt on this explanation, 
it should be remembered that CrAcacbuam2 shows only a moderate 
decrease in y on cooling to liquid nitrogen temperature (attributable 
to only slight spin pairing) and thus would be expected to show only 
weak intermolecular interaction. More conclusive for the testing of 
this hypothesis would be the X-ray results for CrAcacmeam2 and 
CrAcacipram2 .
All angles ± 0.39 
All distances ± 0.006 A 
except
Angles round Cr ± 0.11° 
Distances round Cr ± 0.003
Fig.5.23 CrAcacbuam2: Bond Angles and Distances
Note: In this and the other Figures, the hydrogen atoms 
have been omitted for c la r ity .
Fig.5.24 Perspective View 
of the CrAcacbuam 
Molecule.
F ig.5.25 Side View of the CrAcacbuam2 Molecule, 
(the butyl groups have been omitted 
for c la r i ty ) .
5.3.3.5 Structure of CrAcacen
CrAcacen crystallises in the monoclinic system, with a = 11.169, 
b = 8.895, c = 13.193 A, a = y = 90°, 0 = 95.2°, V = 1305 A 3, Z = 4, 
space group P2i/c. The intensities of 2038 symmetry-independent 
reflexions with (sin 0)/A < 0.57 were measured on an Enraf-Nonius 
CAD4 diffractometer with graphite-monochromated Mo-Ka radiation and 
an w-20 scan. The structure was determined by the heavy-atom method 
and refined to R = 4.5 % for 1566 observed reflections (72).
Molecular dimensions are given in Fig.5.26.
The computer-drawn perspective view (Fig.5.27) shows both that 
the molecule is planar and that the chelate rings are twisted relative 
to one another to a smaller extent than in CrAcacbuam2 . Otherwise, 
the structure sheds no further light on the material discussed in 
section 5.3.3.3. Intermolecular bonding was found to be negligible 
or non-existent.
All angles ± 0.30°
All distances ± 0.005 ft
except
Angles round Cr ± 0.10° 
Distances round Cr ± 0.002
Fig .5.26 CrAcacen: Bond Angles and Distances
Fig.5.27 Perspective View of the CrAcacen Molecule
5.4 Chromium(II) Complexes of Schiff Bases Derived
from 2-Hydroxyacetophenone
Very little work has been done on the complexes of transition 
metals with Schiff bases derived from 2-hydroxyacetophenone (XXIII), 
or any other 7-substituent of salicylaldehyde: attention has been 
mainly confined to the analogous salicylaldimine complexes. No work 
at all has been published concerning chromium(ll) complexes of these 
compounds.
XXIII R = n-C3H 7 HappramH 
-CH2CH2- HapenH2
5.4.1 Experimental
Preparation of HapenH2
A sample of HapenH2 was provided by Dr.E.A.King. This was 
recrystallised from 96% ethanol before use. M.Pt. 195°C (lit. 196°C 
(59)).
Preparation of HappramH
2-Hydroxyacetophenone (7.65 g, 56 mmol) was added to a solution 
of n-propylamine (4.97 g, 84 mmol) in ethanol (50 ml), and refluxed 
over anhydrous calcium sulphate for 1 hour. The mixture was filtered 
while hot, and the ethanol removed on the rotary evaporator. The 
resulting intense-yellow oil solidified on cooling, as yellow crystals 
m.pt. 42-44°C. The product was dried under vacuum, and used without 
further purification.
Preparation of CrHapen
This was carried out using the non-aqueous chelation procedure 
described in detail in section 3.2.2.
Anhydrous chromium(ll) acetate (1.11 g, 6.5 mmol) was added to
solution of Li2Hapen (13 mmol) in cold THF under the stated con­
ditions. After warming to room temperature, the mixture was deep 
blood-red in colour and very air-sensitive. After stirring over­
night, the solvent was removed under vacuum and the dried mass 
extracted with toluene. Addition of petroleum ether to the extract 
gave a deep pink non-crystalline precipitate. This redissolved on 
warming, but on slow cooling, the pink precipitate merely reformed.
The solid was air-sensitive, turning pale brown on exposure to air.
Analysis: Calc, for Cj3^ 18^ ^ 2 0 2 : C,62.4; H,5.2; N,8.1 %
Found: C,60.4; H,6.0; N,6.6' %
Found in repeat expt.: C,58.2; H,6.4; N,7.8 %
The analyses from repeat experiments were variable, and attempts to 
recrystallise the solid from various solvents were all unsuccessful.
Preparation of CrHappram2
This was prepared using the non-aqueous chelation procedure. 
Anhydrous chromium(ll) acetate (3.0 g, 17.7 mmol) was added to
a solution of LiHappram (35.4 mmol) in cold THF under the stated 
conditions. After the mixture had warmed to room temperature, it 
was deep blood-red and very air-sensitive, turning green-brown 
immediately on exposure to air. After stirring overnight, the 
mixture was dried and extracted with hot toluene. The crystalline 
product separated very readily from the toluene on cooling, making 
the filtration stage very difficult and significantly reducing the 
yield. The product was isolated as deep brown-red crystals.
Analysis: Calc, for C22H 3oCrN2C>2 : C,65.0; H,7.4; N,6.9; Cr,12.8 %
Found: C,64.4; H,7.3; N,6.6; Cr,12.2 %
5.4.2 Results and Discussion
It would appear from the results of the syntheses that the 
hypothesis put forward in section 5.2, that the reason no chromium(Il) 
complex is formed with salicylaldimines is due to their ease of 
oxidation, is correct. Unfortunately, time did not permit the full 
exploitation of this fact to prepare a complete series of chromium(ll)
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Fig .5 .30 Magnetic Measurements on CrHappram2 
Data:
Diamagnetic Correction = -202.4 x 10"6 mol-1
T (K) x x 103 Am l/x A ye f f  (BJ
291.4 7.4157 131.26 4.214
216.6 9.2399 105.91 4.044
191.5 10.0071 97.95 3.954
151.0 11.8308 83.10 3.812
120.4 13.2974 74.08 3.605
89.4 15.4449 63.91 3.325
Results : y293 = 4.21 B.M. y90 = 3.35 B.M. 0 = 94°
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complexes of 2-hydroxyacetophenone Schiff bases. The single rep­
resentative isolated, CrHappram2 j was characterised by elemental 
analysis, electronic spectrum (Fig.5.28), and magnetic measurements 
down to liquid nitrogen temperature (Fig.5.30).
Although the complex CrHapen could not be isolated pure, the 
similarity between its reflectance spectrum (Fig.5.29) and that of 
CrAcacen (Fig.5.12) is marked, indicating that CrHapen similarly 
possesses a grossly square planar structure. Similarly, the spectra 
of CrHappram2 and CrAcacpram2 are clearly related: this may be taken, 
further, as -an indication of a close similarity between the two 
series, the 3~ketoamine complexes and the salicylketimine complexes.
The magnetic data for CrHappram2 (Fig.5.30, summarised below) 
show a rather larger deviation from Curie-Weiss behaviour than in
CrHappran^: ^293 = 4*21 B.M.; Pgg = 3.35 B.M.; 0 = 94°
the analogous 3-ketoamine complex CrAcacprann? (for which 0 = 42°).
This difference may be due to the somewhat uncertain variation of 
0 with steric bulk of R (seen in the 3-ketoamine complexes), or the 
well-documented sensitivity of Schiff base complexes to very minor 
changes in the ligand (46) (making dubious any comparison with even 
closely related ligand systems). Alternatively, there is the 
possibility of the occurrence of spin-isomerism as the temperature is 
is lowered.
It was shown earlier (section 5.3.3) that a plausible explanation 
of the sensitivity of the magnetic moments of CrAcacmeam2 and 
CrAcacetam2 to temperature is progressive spin-pairing as the temp­
erature is decreased, and it was suggested that this is due to the 
extended delocalised n-electron system of the 3-ketoamine ligand 
system. If this is indeed correct, it would be expected that Schiff 
bases derived from 2-hydroxyacetophenone would cause spin-pairing 
more readily, due to the fused benzene ring increasing the it- character 
of the ligand. This would explain why, at liquid nitrogen temper­
ature, CrHappram2 has a higher population of the l.s. state than has 
CrAcacpram2 . Although predictions about the lower members of the 
series of salicylketimine complexes, CrHapetam2 , CrHapmeam2 j and
CrHapam2 , are as yet purely speculative, it would be expected that, 
as with the analogous 3“ketoamine complexes, these complexes would 
show progressively more complete spin-pairing at low temperatures. 
It might even be possible that CrHapam2 would be completely spin- 
paired at higher temperatures, and show magnetic behaviour similar 
to the ideal behaviour discussed earlier (section 5.3.3.1).
However, the same limitation applies to this speculation as 
discussed earlier (section 5.3.3.1), namely that the magnetic data 
for CrHappram2 do not indicate unequivocally that spin isomerism 
is present. The same experiments discussed earlier would prove 
conclusively'whether the observed magnetic behaviour is due to 
spin isomerism or antiferromagnetic interaction.
Clearly, the complexes of chromium(ll) with salicyketimines 
could prove an interesting and fruitful area for future research.
5.5 Reactions of Chromium(II)-Schiff Base Complexes
Since the complexes of chromium(ll) with Schiff bases are good 
Lewis acids and possess an (albeit distorted) square planar structure, 
it would be expected that their chemistry would be dominated by the 
tendency to gain an octahedral structure, either by simply coordinating 
further ligands at the axial position, or by oxidative addition. 
Accordingly, the reactions of some of these compounds with nitric 
oxide, benzyl chloride and pyridine were investigated.
5.5.1 Reaction with Nitric Oxide
The filtrate from the preparation of CrHapen was stirred 
vigorously in an atmosphere of NO (generated as described in section 
6.2). The ruby-red colour was rapidly lost (over about 10 minutes) 
and a pale brown highly insoluble precipitate was formed. The mix 
was found to be air-stable, and the ir spectrum of the solid showed 
no trace of coordinated NO.
The spectrum was identical to that of the oxidised CrHapen, 
except that the latter showed a shift of -40 cm”1 in the peak at 
1275 cm -1 (this is not thought to be significant). It would appear, 
then, that the NO reacts with the complex to give an oxo-bridged 
structure containing chromium(lll). The product was not investi­
gated further.
The closely analogous manganese(ll) complex, MnSalen, was also 
found to undergo oxidation in the presence of NO (and acetic acid)
(76). The product was formulated as (CH3C02)MnSalen from its ir 
spectrum and analytical data, but it is apparent that no such 
definite formulation is possible for the chromium product in the 
present work.
5.5.2 Reaction with Benzyl Chloride
The oxidation of chromium(Il) complexes by halogen-containing 
organic solvents is well documented {e.g. 55), but in general, the 
observation has not been carried further, in an investigation of 
the products formed.
Samuels and Espenson have reported (77) the synthesis of the 
Cr—C o-bonded compounds [RCr([l5]aneN^)] by the direct action of
alkyl halides on the chromium(ll) complex of jjLSjaneN^ (XXIV), in 
aqueous organic solvents.
It was thought likely that chromium(II)-3-ketoamine complexes might 
undergo a similar reaction.
Benzyl chloride was selected as the halide since the chlorine 
atom would be expected to be sufficiently labile to react readily. 
Accordingly, an excess of degassed, distilled benzyl chloride was 
added by syringe to the filtrate from the isolation of CrAcacmean^- 
A slight change in colour to a greenish tint was noted after warming 
the mixture, but on cooling in ice, deep red crystals (presumably 
unreacted CrAcacmean^) were seen. The mixture was warmed to redissolve 
the crystals, and then heated under reflux for several minutes. After 
this time, the mixture was green-brown, and on cooling in ice, a grey- 
brown solid precipitated out. This was filtered off and dried at the 
pump. It was found to be air-stable.
Analysis: Calc, for ClCrAcacmean^: C,46.2; H,6.5; N,9.0 %
Calc, for CgHsCH^CrAcacmean^: C,62.1; H,7.4; N,7.6 %
Found: C,39.6; H,4.7; N,5.6 %
The data clearly do not fit either of the possible products. No 
crystalline product could be isolated from the filtrate, so the mix­
ture was not investigated further.
5.5.3 Reaction with Pyridine 
Experimental
The pyridine adducts of CrAcacibuam2 and CrHappram2 were prepared 
simply by adding degassed, distilled pyridine (5 - 10 ml) by syringe
N H  H N
to the filtrate left over from the isolation of the corresponding 
chromium(ll) Schiff base complex. In the case of the adduct of 
CrAcacibuam2 » the colour changed immediately from deep red-brown to 
very dark green, and a copious microcrystalline precipitate formed 
which was filtered off and dried under vacuum for 1 hour.
Analysis: Calc, for CieH 32CrN202.CioHioN2* Cr,9.24 %
Found: Cr,9.99 %
No colour change was seen in the CrHappram2 mix after addition 
of the pyridine, but a copious microcrystalline formed which was 
found, on isolation, to be an identical dark green colour. The 
product was dried for 1 hour under vacuum.
Analysis: Calc, for C22H3oCrN202•CjqHi0N2 : Cr,10.0 %
Found: Cr,10.0 %
The reflectance electronic spectrum of each compound was 
recorded (Figs.5.31, 5.32), and magnetic measurements down to liquid 
nitrogen temperature were carried out (results, Figs.5.33, 5.34).
Both compounds were air-sensitive, turning to a sticky red tar 
on exposure to the air, but were much less air-sensitive than their 
parent Schiff base complexes.
Results and Discussion
The magnetic data (summarised below) show that both compounds
contain chromium(ll) in the l.s. configuration (t„ 4e °). The l.s.
2g g
CrAcacibuam2.2py: H293 = 2.86 B.M.; ygg = 2.84 B.M.; 0 = 2 °
CrHappram2 .2py : h293 = 2.80 B.M.; ygo = 2.75 B.M.; 0 = 6 °
(l.s. d4 ion has y =2.83 B.M.) 
s .0 .
state is unusual in chromium(ll) chemistry, but other examples are 
well-documented: Nast and Riickemann suggested (40) that their compound 
CrBzac2.2py contained l.s. chromium(ll), and Lewis base adducts of
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Fig.5.33 Magnetic Measurements on CrAcacibuam2.2py
Data:
Diamagneti c Correction = -292 .8 x 10"6 mol-1
T (K) v x 103 Am VxA ye f f  (B‘M
292.3 3.1895 287.16 2.853
265.3 3.5698 258.89 2.863
230.4 4.0870 228.32 2.841
198.4 4.8324 195.11 2.852
166.5 5.7959 164.24 2.847
135.8 7.1041 135.19 2.834
104.2 9.3910 103.26 2.841
90.0 10.9579 88.88 2.846
Results: U293 = 2.86 B.M. Ugo = 2.84 B.M. e = 2°
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Fig.5.34 Magnetic Measurements on CrHappram2.2py
Data:
Diamagnetic Correction = -300.4 x 10"6 mol-1
T (K) xm x! 03  1/ Xa ye f f (B.M.)
291.0 3.0858 295.32 2.807
262.1 3.4181 268.92 2.792
229.3 ' 3.8849 238.93 2.770
163.3 5.4673 173.38 2.745
133.5 6.8757 139.35 2.768
100.5 9.1069 106.30 2.750
87.7 10.5074 92.53 2.753
Results: y293 = 2.80 B.M. y90 = 2.75 B.M. 9 = 6 °
ef f
200 “
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CrTPP were also shown (61b) to contain 1.s .chromium(ll).
It might be thought unlikely that merely adding two pyridine 
molecules to the coordination sphere of the chromium in the Schiff 
base complexes would cause the transition from the h.s. to the l.s. 
state, but the case of CrTPP and its Lewis base adducts is exactly 
similar (61b). Here, the parent compound, containing a CrN^ coordin­
ation unit, is in the h.s. state (with P298 = 4.9 B.M.), while the 
adducts (with pyridine, 3- and 4-picoline, and 1-methylimidazole), 
containing a CrNg coordination unit,.are clearly in the l.s. state 
(U298 ~ 2.9 B.M. for all four compounds).
In fact,-when the earlier discussion is taken into account 
(section 5.3.3.1), suggesting that spin-isomerism could be the 
explanation for the extreme sensitivity of the magnetic moments 
of the 3-ketoamine complexes to temperature, it is to be expected 
that the coordination of pyridine onto the chromium atoms would 
have exactly the observed effect. Since pyridine is a strong donor 
ligand, and has an extensive ir-delocalised electron system, it would 
be expected that the addition of two molecules of pyridine into the 
coordination sphere of the chromium atom would significantly stabilise 
the l.s. state (this situation is exactly analogous to that of the 
mono- and bis-bipyridyl complexes of chromium(ll) (2a): the complexes 
CrBipyX2 (X = Cl,Br) were found to be h.s. at room temperature (like 
the unadducted chromium(II)-Schiff base complexes), but the complexes 
CrBipy2X2 were found to be l.s. at room temperature (like the pyridine 
adducts of the chromium(ll)-Schiff base complexes)). In view of the 
magnetic properties of its pyridine adduct, it would be expected that 
the complex CrTPP would show exactly similar behaviour to the 3-keto- 
amines, but no study has been made of the dependence of its magnetic 
properties on temperature that could confirm this.
The very intense colours of the pyridine adducts are character­
istic of l.s. chromium(ll) complexes: a similar very dark green 
colour was noted for the complexes Cr(l,10-Phen)3X2 .2H20 (X = Cl,Br,l), 
and CrBipy2I2 was black (2a) (note that the only complex that shows 
a similar electronic spectrum is CrBipy2l2)• This characteristically 
intense colour was used to assign a l.s. configuration to the pyridine 
adducts of the 3“diketone complexes of chromium(ll) (section 3.3.2) in 
the absence of any magnetic data. The reason for the general form of
the electronic spectra is, however, not clear. Presumably it lies 
in the l.s.state of the chromium atom and the strongly n-bonded 
ligands: nitrosyls of cobalt(Il)-Schiff base complexes (section 6.2) 
are also very intensely coloured, and it has been suggested (e.g.93) 
that the colour is due to a low-energy n^ -*7r* transition.
The sensitivity of the spin-state at normal temperatures of the 
chromium atom in chromium(II)-Schiff base complexes to the presence 
or absence of axially-bound Lewis bases has no parallel among the 
planar Schiff base complexes of other first-row divalent transition 
metals. The only similar example is in iron(Il) chemistry, in its 
complexes with the donors [l4] aneNi* (XXV) and [lA^dieneNi* (XXVI):
X X V
N H  H N  
N H  H N X X V I
these are h.s. when square planar and 4-coordinate, but l.s. when 
moderate-to-strong field ligands are axially bound. (.75).
No reason can be suggested as yet for this apparent uniqueness 
of the chromium(II)-Schiff base complexes and their pyridine adducts; 
however, elements close to chromium in the transition series (Mn, V, 
Ti) still await detailed study of their divalent-state Schiff base 
complexes, and these may shed light on the situation.
CHAPTER 6
OTHER WORK.
6.1 Studies on CrBr*.2THF and Tetrahalochromates(ll).
6.2 Nitric Oxide Adducts of Cobalt(II)-Schiff Base Complexes.
6.1 Studies on CrBr2.2THF and Tetrahalochromates(II)
The THF adduct of chromium(ll) bromide was prepared for use 
as a possible chromium(ll) source in the non-aqueous chelation 
synthesis method: it was thought that it might have advantages over 
chromium(ll) acetate in terms of ease of preparation and cleanness 
of reaction. However, it was found that (a) the preparation of 
CrBr2 .2THF was no more convenient than that of anhydrous chromium(ll) 
acetate, and further, that the yields were generally very low;
(b) that the composition of the product with regard to the number 
of adducted THF molecules per chromium atom was variable; and
(c) that it conferred no particular advantages in the non-aqueous 
chelation procedure.
Tetrahalocobaltates(ll) and tetrahalonickelates(ll) have been 
used in the preparation of cobalt(ll) and nickel(ll) B-ketoamine 
complexes, respectively (78,79). The same method could not be used 
for the corresponding chromium(ll) complexes, since it requires the 
use of t-butyl alcohol as a solvent. However, it was thought that 
the tetrahalochromates(II) might have advantages over anhydrous 
chromium(ll) acetate in the non-aqueous chelation method. As with 
CrBr2.2THF, however, it was found that the tetrahalochromates(II) 
conferred no particular advantages in the reaction that outweighed 
their more involved syntheses.
6.1.1 Dibromobis(tetrahydrofuran)chromium(II)
Experimental (80)
Spectroscopically pure chromium (5.18 g) was heated with 
hydrobromic acid (14 ml concentrated acid, 20 ml water) at 80°C 
until fizzing had ceased. The remaining metal was filtered off 
and the filtrate taken to dryness under vacuum. Deoxygenated 2,2- 
dimethoxypropane (ca. 50 ml) was added to the solid: on warming the 
mixture the colour changed from royal blue to emerald green. The 
mixture was taken to dryness, yielding a very pale green solid. 
Deoxy.genated THF (ca. 50 ml) was added to the solid. On warming, 
the solid dissolved, and on cooling of the solution a precipitate 
of pale green platelets separated out. The product was filtered off,
dried at the pump for 15 minutes, and sealed off into tubes. The 
dry product consisted of very pale green (almost white) crystals, 
which turned pale brown on exposure to air. The yield was low, 
typically 10% of theoretical.
Analysis: Calc, for CgH16Cl2Cr02: C,27.0; H,4.5; Cr,14.6 %
Found: C,24.4; H,4.2; Cr,14.1 %
Results and Discussion
Magnetic data are given in Fig.6.1 (and summarised below) and 
the electronic spectrum in the range 5 000 - 40 000 cm"*1 is given 
in Fig.6.2.
The magnetic data indicate that the compound contains h.s.
CrBr2 .2THF: y293 =4.79 B.M.; y90 = 4.77 B.M.; 0 = -1°
chromium(ll) and that there is little or no intermolecular inter­
action. The room temperature magnetic moment recorded by Scaife 
(80) agrees with that found here (lit. (80) y2g3 = 4 .86 B.M.) but 
a 0 value of 15° is quoted.
The electronic spectrum shows two main bands in the visible 
region: the higher, at 40 500 cm”1 may be due to a metal-to-ligand 
CT band, but the lower, at 12 350 cm-1, is probably a d-d band.
A similar, and presumably analogous, band is seen at 14 300 cm”1 
in the spectrum of the Cr(H20)g+ion, which has been assigned (1) 
to the spin-allowed transition 5Eg->5T2g (t2^ 3eg -* expected
in an octahedrally-coordinate d4 ion. Due to Jahn-Teller distortion 
this band is composed of several nearly superimposed bands, and a 
further band is seen in the near infra-red. A similar band was noted 
in the spectrum of CrBr2.2THF at 9 700 cm-1. It is clear, then, 
that CrBr2 .2THF has a tetragonally-distorted structure, presumably 
very similar to that of the anhydrous chromium(ll) halides.
Fig.6.1 Magnetic Measurements on CrBr2.2THF
Data:
Diamagnetic Correction = -131.2 x 10"6 mol"1
T (K) Xm x l Q 3  1/x a  yeff (B.M.)
294.9 9.6104 102.65 4.79
262.8 10.8284 91.24 4.80
230.2 12.4109 79.73 4.81
198.1 14.3579 69.02 4.79
183.6 17.1228 57.96 5.03
133.0 21.0078 47.31 4.74
103.7 27.1688 36.63 4.76
Results: y293 = 4.79 B.M. y90 = 4.77 B.M. e = -1°
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6.1.2 Alkyl ammonium Tetrahalochromates(II)
Experimental
Ethyl ammonium tetrachlorochromate(Il) ( [EtNH3] 2CrClif) was 
prepared by mixing, in stoicheiometric proportion, ethanolic 
solutions of chromium(ll) chloride tetrahydrate and ethylammonium 
chloride (2e). On standing, the product separated as very pale 
green crystals.
Ethylammonium tetrabromochromate(ll) ( [EtNH3] 2CrBrit) was 
prepared by a slightly different method (2e,8l). Anhydrous chromium(ll) 
bromide (2.94 g, 14 mmol) was dissolved in dry deoxygenated glacial 
acetic acid with strong heating. The green-blue solution was added 
to a solution of ethylammonium bromide, also in dry deoxygenated 
glacial acetic acid (5.88 g, 46 mmol in 45 ml). Immediately, a 
yellow-green precipitate formed, but this was redissolved with 
heating. Slow cooling of the solution afforded olive yellow crystals 
which were filtered off and dried under vacuum for 3 hours.
Analysis: Calc, for CifHi0Bri+CrN2: C,10.4; H,3.5; N,6.0; Cr,11.2 %
Found: C,10.5; H,3.5; N,5.9; Cr,ll.l %
Methylararaonium tetrabromochromate(ll) was prepared by a method 
exactly analogous to that used for the corresponding ethylammonium 
compound.
Analysis: Calc, for C2Hi2BrifCrN2 : C,5.5; H,2.8; N,6.4 %
Found: C,5.6; H,2.7; N,6.7 %
Each compound was examined by single-crystal X-ray diffraction 
to ascertain the structure. Further, the magnetic behaviour of 
methylammonium tetrabromochromate(ll) was investigated using the 
Faraday method, down to 2K.
Results and Discussion
Each of these compounds has been prepared before (2e,h) but 
none has been investigated fully: no X-ray determinations of struc­
ture have been reported, and magnetic measurements (which indicate
strong ferromagnetic behaviour) have been carried out only down to 
90 K, somewhat above the Curie temperatures of these compounds (20).
The results of the X-ray crystallographic work are not yet 
complete. Magnetic measurements on methylammonium tetrabromo- 
chromate(ll) down to 2 K have confirmed the ferromagnetism indicated 
by the Gouy method measurements (20). Below 60 K, the atomic 
susceptibility, x^> developed strong field dependence. Measurements 
of at different field strengths, and plotting the ratio 
(Xa ^t ^ ^ a ^O ^°r eac^ temPerature T at constant field strength gave 
by extrapolation, the Curie temperature.
[MeNH3] 2CrBrit : Tc = 59 K
This value is very similar to that found for the corresponding 
tetrachlorochromate(ll) , [MeNH3] 2CrClit (Tc = 58 K (82)), and it 
seems likely that the structures are also very similar, with layers 
of bridged [ C r X ^ ] u n i t s  well separated by the methylammonium ions 
(83).
This work has been the subject of a publication (21).
6.2 Nitric Oxide Adducts of Cobalt(II)-Schiff Base
Complexes
6.2.1 Introduction
It is a well documented property of nitric oxide that it can 
coordinate (formally) as either N0+ to give a linear structure, or 
as NO with a MNO angle of 120° (1). It had been thought (84) that 
a correlation could be drawn between the M&0 angle and the NO 
stretching frequency, but this is now known to be unreliable (85). 
However, a recent report (8 6 ) has indicated that nitrogen-15 nmr 
can provide a reliable indication of the structure of the MNO 
group, and more quickly and conveniently than X-ray crystallography 
which, in the past, has been the final arbiter of structure.
Nmr also has the considerable advantage that solution measurements 
can yield otherwise inaccessible information on solvent effects on 
structure.
It was hoped that a series of nitrosyls of the chromium(li)
Schiff base complexes discussed in Chapter 5 could be synthesised: 
However, this was found to be impossible (see section 5.5.1), but even 
had the compounds been isolable, their paramagnetism would have 
rendered meaningless their nmr spectra, and confirmation of Mason's 
work would not have been possible. Since the ligands were available 
and it is known(45-47) that the cobalt(ll) complexes of 6-ketoamines 
are isolable and that some form stable nitrosyls, it was decided to 
attempt the synthesis of the corresponding cobalt(ll) nitrosyls.
In nitrogen nmr, the two isotopes lt+N and *5N are of interest, 
but both have associated disadvantages (87). 14N is 99.6% naturally
abundant, but the signals, though easy to detect, are generally very 
broad, with linewidths often in the range 10-100 ppm. This can 
cause severe problems in resolution when more than one type of nit­
rogen environment is present in a molecule. 15N would appear to be 
better, but is only 0.4% naturally abundant, and the signals are 
very weak, so unless enriched samples are used, widebore spectro­
meters (sample volume > 20 ml) and very long acquisition times are 
required. It has been shown, however, that ll*N and 15N in compounds 
show essentially the same shift, within experimental error, for a
given environment, so it is possible to prepare and use *%-enriched 
samples without loss of spectral information.
Nitric oxide coordinated as NO (bent MNO) has a lone pair on 
the N that can be promoted to the tt* orbitals of the ligand. This 
low-energy transition can take place in a magnetic field, and this 
leads to a charge circulation which can strongly deshield the N 
nucleus (8 6 ). Since nitric oxide coordinated as N0+ has no such 
lone pair, it would be expected that the MNO angle in nitrosyl 
complexes could be determined from measurement of the chemical 
shift of the N atom. An exactly analogous situation occurs with 
the azide group, -N=N-, and *^N nmr spectroscopy has already been 
successfully used to determine the linearity or otherwise of the 
grouping M-N=N-R in rhodium, molybdenum, tungsten, rhenium and 
ruthenium complexes (8 6).
6.2.2 Experi men tal
This experimental work was carried out jointly with Dr.L.F.Larkworthy. 
Preparations of Ligands
Preparation of SalenH2, AcacenH2, AcactrimenH2, AcacbuamH, and 
AcacmeamH has been described in earlier sections (5.2.2, 5.3.2).
AcacpnH2 tNfN'-propane-1,2-bis(4-aminopent-3-ene-2-one) was 
prepared by a method of McCarthy et al. (8 8 ). Propane-1,2-diamine 
(7.4 g, 0.1 mol) was added slowly to acetylacetone (20 g, 0.2 mol), 
the heat of reaction causing the water formed to boil off. The 
straw-coloured solid formed on cooling was dissolved in absolute 
ethanol and dried with anhydrous calcium sulphate. Filtration, removal 
of the ethanol at the rotary evaporator, and recrystallisation of 
the solid from dry diethyl ether (200 ml) afforded colourless 
crystals which were characterised by ir spectroscopy. Yield was 
21% of theoretical.
BzacenH2 (N,N'-ethane-1,2-bis(3-amino-l-phenylbut-2-ene-l-one) 
was also prepared by a method of McCarthy et al. (8 8). 1,2-Diamino- 
ethane (1.7 ml, 25 mmol) was added to a solution of benzoylacetone 
(8.1 g, 50 mmol) in 96% ethanol (20 ml). The mixture was heated at
reflux for 15 minutes by which time the product had separated as 
colourless crystals. The product was filtered off and recrystallised 
from 96% ethanol (150 ml). Yield was 64% of theoretical.
M.Pt. 180-181° C (lit. 180.5°C (8 8 )).
Generation of Nitric Oxide
1I+N-Nitric oxide was generated in the bulb C of the apparatus 
shown in Fig.6 .3 by mixing acidified iron(ll) sulphate solution 
(in A) with sodium nitrite solution (in B) (89). The gas (excess 
of which was stored in the bulb D) was purified by passing through 
a dry-ice/methylated spirits trap (E), then over sodium hydroxide 
pellets (in F) and Linde 4A molecular sieves (in G). The pure gas 
was stored in the burette H (filled with mercury) and reactions 
were allowed to take place in flasks attached to J. Before each 
reaction, the reaction flask was purged by evacuating and filling with 
pure, dry nitrogen, three times.
Labelled NO (15N0) (99.4 atom %) was supplied by Prochem,
British Oxygen Company Ltd.
Preparations of Complexes
All the preparations of the NO adducts were carried out in the 
absence of air, in the glass apparatus described above. The products 
were all stable in air when dry, but were all sensitive to aerial 
oxidation, in varying degrees, when in solution.
Mixing of the reactants in an atmosphere of NO was achieved 
by initially placing the cobalt salt in the side-arm S of the reac­
tion flask (Fig.6 .3) while the flask was being purged. After 
admission of NO, the reactants were mixed and the uptake of gas 
from the burette noted. Completion of the reaction was marked by 
lack of further measurable uptake of gas.
Attempted Preparation of NOCoAcacmeam2
Cobalt(ll) acetate tetrahydrate (2.49 g, 10 mmol) suspended 
in ethanol (10 ml) was mixed under nitric oxide with AcacmeamH
to 
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(2.35 g, 21 mmol) dissolved in ethanol (10 ml). Uptake of gas was 
initially fast, but slowed considerably after 10 minutes. After 5 
hours, uptake had still not ceased, and the mixture was a dark red- 
brown oil. No trace was seen of any crystalline product. On 
opening the flask, the oil was found to be air-stable.
Volume of gas taken up after 5 h. (corrected to STP): 482.5 ml, 21.5mmol.
Attempted Preparation of NOCoAcacbuam2
Cobalt(ll) acetate tetrahydrate (2.49 g, 10 mmol) suspended in 
DMF (10 ml) was mixed under NO with AcacbuamH (3.26 g, 21 mmol) 
dissolved in DMF (20 ml). Uptake of gas was steady but slow and had 
not ceased even after stirring overnight. Pink crystals were seen 
to be deposited after about 30 minutes; as the reaction continued, 
the amount increased. The experiment was terminated once the mole 
ratio of N0:Co had exceeded 1.0, and the crystals were filtered off 
from the air-stable deep red-brown mixture.
Analysis: Found: 0,22.7; H,4.6; N,<0.1 %
Calc, for Co(CH3C02)2 •2H20 : C,22.6; H,4.7; N,0.0 %
Attempted Preparation of NOCoAcactrimen
Preparation of NOCoAcactrimen was attempted by the same method 
as above. Uptake of NO was initially rapid, but the mole ratio
NO:Co had passed 3.0 before uptake had ceased (ca. 4 hours), so the
experiment was terminated. The product mixture consisted of a deep 
brown filtrate and a non-crystalline chestnut-brown solid, both air 
stable.
Analysis: Found: C,37.8; H,4.9; N,16.9; Co,14.0 %
Calc, for C 13H 20CoN5O7 : C,37.4; H,4.8; N,16.8; Co,14.1 %
Preparation of NOCoAcacpn
NOCoAcacpn was prepared as above, but no further uptake of gas 
was seen after about 30 minutes (mole ratio NO:Co = 0.97). No 
crystals were seen, though the reaction was the expected deep purple 
black colour. The solid was isolated by removing the solvent under 
vacuum until crystallisation had commenced, then adding an equal 
volume of deoxygenated water, by syringe, to complete the process.
The product was dried overnight under vacuum at room temperature.
Yield 84% of theory.
Analysis: Calc, for NOCoAcacpn.H20: C,45.5; H,6.5; N,12.2 %
Found: C,45.9; H,5.9; N,12.2 %
Preparation of NOCoSalen
NOGoSalen was prepared as above. Uptake of NO was rapid and 
stopped after about 20 minutes (mole ratio N0:Co = 1.05). The 
black crystals were filtered off quickly and washed with ice-cold 
ethanol before drying in air. Yield 70% of theoretical.
Preparation of NOCoHapox2
N0CoHapox2 was prepared as above. No further uptake of gas 
was seen after 1h hours (mole ratio N0:Co = 1.02). The black 
needles were redissolved in the reaction mixture with warming and 
the solution was allowed to cool very slowly, giving large crystals 
suitable for X-ray diffraction studies.
Analysis: Calc, for C 15H 16C0N 3O 5 : C,49.4; H,4.1; N,10.8 %
Found: C,49.5; H,3.9; N,10.7 %
Preparation of 15N-Labelled Compounds
1%0CoBzacen, *5N0CoSalen and *5N0CoHapox2 were prepared by a 
method similar to above. Since the labelled nitric oxide was only 
available in limited quantities, excess of the gas was not used in 
the reactions: instead, only the calculated amount was let into the 
reaction flask. Thus the reactions took place under reduced pressure, 
but since the nitrosylation of cobalt(Il)-Schiff bases is irreversible, 
the reactions proceeded to completion and the yields were good.
Preparation of 15NOCoAcacpn was attempted, but although the 
reaction mixture was the expected deep purple-black colour, no cryst­
alline product could be isolated.
15N nmr spectra of complexes were recorded by Drs.O.Howarth and
E.Curzon at Warwick University (*5N-enriched samples) and Mr.M.Cooper 
at PCMU, Harwell (15N natural abundance samples).
The structure of N0CoHapox2 was determined by Dr.D.C.Povey 
using single-crystal X-ray diffraction.
6.2.1 Results and Discussion
Initially, the 1 5N nmr spectra were recorded on unlabelled 
samples, but with the exception of NOCoAcacen, no signal due to the 
NO group could be seen, even with acquisition times of 17 hours or 
more. For this reason, the *5N0-labelled complexes were prepared: 
these gave good spectra.
Table 6.1 gives spectral and MNO structural data for the com­
plexes. X-ray structures have been reported for the nitrosyls 
NOCoAcacen (90), NOCoBzacen (90), and NOCoSalen (91). The structure 
of N0CoHapox2 (a new compound) was found to be essentially planar, 
with the ligands trans, and non-linear intramolecular interligand 
hydrogen bonds, between the oxime proton and the phenoxy oxygen 
atom.
The values for the 15N shifts for the NO group of NOCoAcacen 
(509.7 ppm), NOCoBzacen (723.0 ppm), NOCoSalen (736.9 ppm) and 
N0CoHapox2 (740.3 ppm) show clearly the difference between bent 
and linear MNO groups when compared with the values for compounds 
which are known to have a linear MNO group: e.g. [ihKNHg) 5N0] Cl3 
(-29 ppm), Na2 [Fe(CN) 5(15N0)] (-13.5 ppm), [CoBr(N0 ) 2]2 (^0 ppm) 
and [Cr(n5“C5H 5)Cl(15N0)C1(15N0 )2] (184.6 ppm) (all data from 
ref.92).
The reason for lack of formation of a nitrosyl complex with 
the ligands AcacmeamH, AcacbuamH and AcactrimenH2 is not clear. 
Presumably no nitrosyl is formed with AcacmeamH and AcacbuamH since 
the cobalt(ll) complexes of these ligands will be expected to be 
tetrahedral (46). The re-formation of cobalt(ll) acetate as the 
dihydrate in the attempted synthesis of NOCoAcacbuam2 may indicate 
some kind of catalytic behaviour by the cobalt, possibly in C-nitroso- 
compound formation. It would, however, be expected that 
CoAcactrimen would be constrained to adopt a planar structure, 
and that this would therefore form a stable nitrosyl.
The 15N nmr work described here is the subject of two pub­
lications (92,93).
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NOTES TO TABLE 6.1
(a) Relative to neat liquid nitromethane, low-field positive. 
Measured at 25°C with 99%-15N enrichment, unless otherwise 
indicated.
(b) As nujol mull.
(c) Natural abundance sample.
(d) In CHCI3 .
(e) In DMSO.
(f) v(15NO) in nujol.
(g) New compound.
APPENDIX
Reflectance Spectra: Table of Data
Collected in this table are, for reference, the electronic spectral 
data of some of the compounds reported in the text. All measurements 
not previously published are included here, but no solution measurements 
are included. Notes to the table are given on p.174.
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Tetrabromochromates(II) of the type [NRH3]2- 
{CrBr4] have effective magnetic moments [1] well 
above the spin-only value of 4.90 B.M. for high-spin 
chromium(II) which increase markedly as the 
temperature is lowered, e.g. for R = CH3, f = 6.27
B.M. at 295 K and 16.3 B.M. at 90 K. The com­
plexes obey the Curie-Weiss law above ca. 150 K with 
large positive intercepts (~90°) on the temperature 
axis indicative of ferromagnetic behaviour. However, 
the Curie temperatures Tc could not be observed 
because they lie below the limit (~85 K) of the 
measurements which were carried out by the Gouy 
method. The Faraday method is more suitable for 
investigations o f ferromagnetic substances, and 
magnetic measurements by this method in the 
temperature range 2 to 70 K have now confirmed the 
ferromagnetic behaviour. The atom susceptibility x  
was determined at three or more field strengths at 
each temperature, and as the temperature was lower­
ed the bromides developed field dependence between 
50 and 60 K: for example, for [NPrnH3]2 [CrBr4] 
at 41.0 K, xi =14.8, =8.46, X3 = 6.00, and Xs =
4.00 c.g.s. units; and at 5.3 K, xi = 22.1, x i = 12.55, 
and X3 =8.57 c.g.s. units, where the subscripts repre­
sent the electromagnet current I (amperes).
The apparatus (see Experimental) did not permit 
the independent variation of magnetic field H and 
field gradient 3H/3x, and only their product was 
obtained from the calibration. Since H was not 
known, the product xi was taken to be approx­
imately proportional to the magnetisation xH (or M), 
and at 5.3 K, this product increased by only a few 
percent from 25.1 to 25.6 as the current increased 
from 2 to 3 amps so that these complexes can be 
considered to be saturated in the field corresponding 
to the 3 amp current. To determine the Curie 
temperature X3 was plotted against temperature and 
extrapolated to T = 0 to give (x3)o> the rati°  (X3) t /  
(X3)o was then calculated, taken to be equal to the
10
0-5
T (K)
Fig. 1. Determination of Curie temperature of [NPrnH3]2- 
[CrBr]4.
TABLE I. Curie Temperatures (Tc).
Compound T J K
[NMeH3]2[CrBr4] 59
[NPrnH3J2(CrBr4] 57
[ N(n-Cj2 H ^  )H 3 J 2 ICrBr4 ] 58
[dienH3 J {CrCl4 ] Cl 38
reduced magnetisation M (T)/M (0), and plotted 
against temperature. Extrapolation to zero (x z h l 
(X3)o then gave the Curie temperature. An example 
is given in Fig. 1. No single crystal data are avail­
able but the ferromagnetic bromides are believed to 
contain layers of bridged [CrBr4] 2 -  units well separat­
ed by the alkylammonium ions like the analogous 
chlorides which are also ferromagnetic [2, 3 ].
The Curie temperatures (Table I) are similar to 
those [2] of [NMeH3] 2[CrCl4] , 58 K, and [NEtH3] - 
[CrCl4] ,  55 K. Since analysis of the magnetic behav­
iour above the Curie point in terms of a high tempera­
ture series expansion for a sheet ferromagnet gives 
slightly larger values of coupling constants for the 
bromides [1] (~11 cm-1 ) than for the corresponding 
chlorides [2, 3] (~9 cm-1), the bromides might have 
been expected to have higher Curie temperatures. 
The interlayer spacing would be expected to increase 
with alkylammonium chain length but this does not 
affect Tc significantly.
The chlorochromate(II) [dienH3] [CrCl4] Cl, in 
which dien is diethylenetriamine, contains [4] layers 
of bridged [CrCl4]2- units separated by the cations 
and chloride ions. Its Curie point has been found 
to be 38 K (Table I).
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Experimental
The complexes were prepared as before [1].  The 
main components of the Faraday apparatus were a 
Sartorius vacuum microbalance which was mounted 
above an Oxford Instruments sample entry chamber 
connected to a CF 200 continuous flow helium 
cryostat. The magnetic field was provided by a water- 
cooled Newport 4" electromagnet equipped with 
Faraday pole pieces, and the product H3H/3X was 
determined by calibration with Hg[Co(NCS)4]. The 
readings of the DTC 2 temperature controller were 
checked by calibration with (NH4)2S04*MnS04* 
6H20 . The samples were placed in 2 mm inside 
diameter buckets machined from 10 mm lengths of 
4 mm diameter teflon rod. The lids were machined
to a tight push fit and with a ring to which the 
terylene suspension was attached. A pin-hole was 
drilled through the lid so that it would not come off 
during evacuation of the cryostat. The air-sensitive 
samples were loaded in a nitrogen box.
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Deshielding of 350— 700 p.p.m. is reported for nitrogen in strongly bent nitrosyl groups (Z .M N O  ca. 120°) 
in complexes of Rh or Co, compared with linear nitrosyl groups in complexes of Fe, Co, Ru, and other transition 
metals.
The nitrosyl ligand is unusually versatile, co-ordinating 
(formally) as N O + to give a linear M N O  group, as N O -  with 
/_  M N O  ca. 120°, or with intermediate structures. The nota­
tion {M (N O )„ ,}" allows for ambiguities,1 n being the sum of 
electrons in the d (M ) and 7t*(NO ) orbitals. As well as being 
structurally important the bond angle affects the reactivity o f 
the N O  ligand and the metal,2 since nitrogen is susceptible to 
electrophilic attack in the bent nitrosyl form, and transfer o f a 
d electron pair from the metal to nitrogen may facilitate co­
ordination by a base.
So far X-ray crystallography has been the final arbiter of the 
M N O  structure, but this is limited to solids. In  vibrational 
spectroscopy, the correlation o f the bond angle with the N O  
stretching frequency is unreliable, as the values in Table 1 
illustrate. However, the potential o f nitrogen n.m.r. spectro­
scopy as a criterion o f geometry, particularly in solution, was 
revealed by the patterns o f nitrogen shifts in organic functional 
groups: nitrogen carrying a lone pair in a delocalized system 
is strongly deshielded by low energy n(N ) -»■ n *  circulations 
in the magnetic field,3 C-nitroso-compounds resonating at very 
low field. Deshielding by up to 350 p.p.m. was then observed 
for ligating nitrogen in rhodium diazenido-complexes in which 
the R h -N = N -A r  group is doubly bent, with /_ R h N N  ca. 125°, 
compared with diazenido-complexes o f M o, W , Re, or Ru 
where M N N  is linear.4
We have now observed deshieldings up to 700 p.p.m. for 
nitrogen in strongly bent apical nitrosyl groups in square 
pyramidal (M (N O ) }8 complexes o f cobalt or rhodium, com­
pared with linear nitrosyls in a range o f complexes, as shown 
in Table I. Some linear nitrosyls have been measured in l4N  
resonance,3 and some in 1SN  resonance in natural abundance 
in a (180 M H z ) widebore spectrometer,5 which we also 
achieved for (N a2Fe(CN )s(N O )]. However, in general the 
bent nitrosyl groups and rhodium complexes needed high 15N  
enrichment (99 %) owing to solubility and relaxation problems, 
and were run on a 400 M H z  spectrometer.
Me OH
(1) (C o(N O H kelox)j]
Ph. Ph
(2) (C o(N O Xsalen)]
ty<°5X N = <
Me \ ___ /  Me
(3) (Co(NO)(benacen)]
Table 1 .15N N.m.r. measurements of nitrosyl complexes.
Linear nitrosyls
/ra«5-[RuCI,(lsNO)(PPh,)2]
fra//j-[RuCI,(ISNO)(PMePh2)2]
Na,[Fe(CN)s(lsNO)]d
[Co(CO),(NO)]«
[W ^ -Q H .X C O M N O )]-1-'
m™j-[RhCl(lsNO)(PPr',),] (CIO,)
IM  o(»7s-Ct H s)(CO)( PPh 2)( N O) ]d •*
[Mo(1?5-CsHt)(CO)2(NO)Jd-1
(Cr(i7s-C|H |)(CO)2(N O )]d>f
Bent nitrosyls
trfl/u-fRhCKCOX^NOXPPr1,)*] (CIO,) 
/r<w-[RhCI(,5NO )(uN 0 2)(PR,)2]
R =  cyclohexyl 
R =  Pr1 
R -  Ph 
(3)
(2)
(1)
6
6
6
10
6
8
6
6
6
Co-ordination geometry
Octahedral
Octahedral
Octahedral
Tetrahedral
Piano-stool
Square planar
Piano-stool
Piano-stool
Piano-stool
Square pyramidal
Square
Square
Square
Square
Square
Square
pyramidal
pyramidal
pyramidal
pyramidal
pyramidal
pyramidal
Solvent
C H 2CI2
C H 2CI2
h 2o
CHCI,
CHCI,
CHCI,
CHCI,
CHCI,
CHCI,
CH,CI,
CH 2CI2
CH,CI,
CH,CI,
Me,SO
Me,SO
Me,SO
CHCI,
5 ( ISNO )b/p.p-m. v (,4N O )c/cm -1
-3 6 .7
-3 0 .9
-1 3 .5
14
16.5
24.0 
35.4
37.6
49.0
368.2*
466.1
467.6
481.5
723.0
736.9
740.3h
717.3d
1876
1845
1944
1805
1655
1842
1607
1663
1680
1712
1684, 1657 
1684, 1657 
1657, 1629 
1635 
1624 
1675
1 In {(M N O )}" (see the text).b Relative to neat liquid nitromethanc, positive downficld, measured at 25 °C .c Nujol mull, unless otherwise
specified. d ,SN N.m.r. measurement in natural abundance, 180 M H z spectrometer. e l4N N.m.r. measurement by R. Bramley, B. N.
Figgis, and R. S. Nyholm, J. Chem. Soc. A, 1967, 861. * Ref. 5, i.r. spectra measured in CH,CI,. K './(RhlsN) 4.5 Hz.
b ‘y(Cou N) 9 Hz.
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The bent nitrosyl groups in Table 1 have been characterised 
as such in the solid state by X -ray  single crystal analysis; 
/_  RhNO  is ca. 120° for the rhodium nitrosyl groups, which 
are disordered, as also are the non-phosphine ligands in the 
basal plane.® The cobalt nitrosyl groups are not disordered: 
Z .C0N O  is 126° for ( l ) ,7 128° for (2),8.» and 123° for (3).10
The nitrogen shielding in the cobalt complexes is the lowest 
yet observed for compounds without unpaired electrons.3 The 
cobalt complexes are black, and it is likely that the strong 
deshielding correlates with very low energy magnetic-dipole- 
allowed excitations in the electronic spectrum, which we are 
investigating. (O f the bent nitrosyl complexes of rhodium, the 
one with chloro- and carbonyl-coligands is orange, and those 
with chloro- and nitro-coligands are green.) Interestingly, the 
cobalt salen complex (2) is known8 to show temperature- 
independent paramagnetism, which is found in compounds 
without unpaired electrons if the positive term in Van Vleck’s 
expression for the magnetic susceptibility11 outweighs the 
negative (diamagnetic) term, as for compounds such as 
MnO«~. This therefore correlates with a very small ligand- 
field splitting, and strong nuclear magnetic deshielding.
The small metal-nitrogen coupling constants reflect the 
presence of a lone pair on nitrogen, since this makes a contri­
bution to the Fermi contact term which is opposite in sign 
to the contribution from the bonding electrons and so tends 
to cancel this.11
We thank the S.E.R .C . for a studentship (to B. S.) and for 
the provision o f high-field n.m.r. facilities, M r. Maurice
Cooper for the spectra run on the 180 M H z  (widebore) spectro­
meter at P .C .M .U ., Harwell, and Drs. Oliver Howarth and 
Eirian Curzon for the spectra run on the 400 M H z  spectro­
meter at Warwick University.
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